ENHANCED  ELECTROCHEMICAL  CHARACTERISTICS  OF 
LITHIUM  MANGANESE  OXIDE  THIN  FILM  CATHODES  FOR  LI-ION 
RECHARGEABLE  MICROBATTERIES 


By 

WON-SEOK  KIM 


A DISSERTATION  PRESENTED  TO  THE  GRADUATE  SCHOOL 
OF  THE  UNIVERSITY  OF  FLORIDA  IN  PARTIAL  FULFILLMENT 
OF  THE  REQUIREMENTS  FOR  THE  DEGREE  OF 
DOCTOR  OF  PHILOSOPHY 

UNIVERSITY  OF  FLORIDA 


2004 


Copyright  2004 
by 


WON-SEOK  KIM 


This  dissertation  is  dedicated  to  my  family  especially  my  parents  and  wife. 


ACKNOWLEDGMENTS 


I would  like  to  thank  my  advisor.  Dr.  Rajiv  K.  Singh,  for  his  countless  advice  and 
support  for  the  last  five  years.  I also  wish  to  thank  Dr.  Cammy  Abernathy,  Dr.  David 
Norton,  Dr.  Stephen  Pearton,  and  Dr.  Dinesh  Shah  for  serving  as  the  members  of  my 
supervisory  committee  as  well  as  for  their  warm  guidance  through  discussion  of  this 
work. 

I specially  want  to  thank  Dr.  Deepika  Singh  for  her  help  with  the  electrochemical 
measurement  and  discussion.  I also  thank  staff  members  at  MAIC  and  ERC  for  allowing 
me  to  use  their  facilities  for  my  work.  I specially  want  to  thank  Margaret  for  taking  care 
of  me  like  her  son. 

My  thanks  are  extended  to  my  friends  and  coworkers  : Kyo-Gong,  Kyo-Se, 
Jaeyoung,  Wonseop,  Seung-Mahn,  Joodong,  Hyucksoo.  Hanho.  Sanghyun,  Su-Ho, 
Junyoung,  Jinho,  Jeong-Min,  Seungwoo,  Yiyeon,  Sangyup,  Jeenki,  Cheolhang,  Kilseok, 
Mike,  Babil,  Josh,  Frank,  Chad,  Srini,  Jeremiah,  Vishal,  Kathick.  and  others  who  gave 
me  warm  friendship  and  support. 


IV 


TABLE  OF  CONTENTS 


Page 


ACKNOWLEDGMENTS 

LIST  OF  TABLES 

LIST  OF  FIGURES 

ABSTRACT 

CHAPTER 

1 INTRODUCTION 

2 LITERATURE  REVIEW 

Electrochemical  Cell  (Battery) 

Fundamentals  of  Batteries 

Li-ion  Batteries 

Lithium  Manganese  Oxide  (LiMi^OO 

Capacity  Fade  and  Rate  Capability 

Thin-film  Lithium  Manganese  Oxide  (LiMi^Ozt) 

Oxygen-rich  Spinel  (Li1.5Mn2.25O4) 

Aluminum-doped  Spinel  (LiAlxMn2-x04) 

Synthesis  and  Characterization  of  Thin  Film  Cathode 

Pulsed  Laser  Deposition  (PLD) 

Principle  of  excimer  lasers 

Basics  of  PLD 

Ultraviolet-assisted  PLD  (UVPLD) 

Electrochemical  Characterizations 

Cyclic  voltammetry  (C V) 

Chronopotentiometry 

Alternative  current  impedance  (ACI) 


..  iv 
viii 
..  ix 


xv 


..1 

..4 

..4 

..4 

..9 

12 

13 

21 

24 

27 

29 

29 

29 

30 

.32 

33 

-) 

JJ 

.35 

36 


3  EXPERIMENTAL  PROCEDURE 52 

Synthesis  of  Thin  Film  Cathodes 52 

Target  Preparation 52 

Thin  Film  Deposition  Process 53 

Characterizations  of  Thin  Film  Cathodes 54 


v 


X-ray  Diffraction  (XRD) 54 

Scanning  Electron  Microscopy  (SEM) 54 

X-ray  Photoelectron  Spectroscopy  (XPS) 54 

Transmission  Electron  Microscopy  (TEM) 55 

Electrochemical  Measurements 55 

4 EFFECT  OF  TEMPERATURE  ON  THE  ELECTROCHEMICAL. 

CHARACTERISTICS  OF  LITHIUM  MANGANESE  OXIDE  THIN  FILM 
CATHODES 60 

Introduction 60 

Experimental 60 

Results  and  Discussion 62 

Structural  Characterizations 62 

Electrochemical  Characteristics 65 

Cyclic  voltammetry  of  2.5  ~ 3.5  V region 65 

Discharge  capacity  of  2.5  ~ 3.5  V region 69 

Cycling  behavior  of  2.5  ~3.5  V region 71 

AC  impedance  of  2.5  ~ 3.5  V region 75 

Rate  capability  of  2.5  ~ 3.5  V region 77 

Cyclic  voltammetry  of  2.5  ~ 4.5  V region 79 

Cycling  behavior  of  2.5  ~ 4.5  V region 79 

Summary 80 

5 EFFECT  OF  ALUMINUM  DOPING  ON  THE  ELECTROCHEMICAL 

CHARACTERISTICS  OF  LITHIUM  MANGANESE  OXIDE  THIN  FILM 
CATHODES 101 

Introduction 1 0 1 

Experimental 102 

Results  and  Discussions 1 02 

Structural  Characterizations 102 

Electrochemical  Characteristics 105 

Cyclic  voltammetry  of  2.5  ~ 3.5  V region 105 

Discharge  capacity  of  2.5  ~ 3.5  V region 105 

Cycling  behavior  of  2.5  ~ 3.5  V region 106 

AC  impedance  of  2.5  ~ 3.5  V region 108 

Rate  capability  of  2.5  ~ 3.5  V region 110 

Cyclic  voltammetry  of  2.5  ~ 4.5  V region 1 1 1 

Discharge  capacity  and  cycling  behavior  of  2.5  ~ 4.5  V region 112 

Summary 1 15 


vi 


6 EFFECT  OF  ULTAR-VIOLET  RADIATION  ON  THE  ELECTROCHEMICAL 
CHARACTERISTICS  OF  LITHIUM  MANGANESE  OXIDE  THIN  FILM 
CATHODES 133 


Introduction 

Experimental 

Results  and  Discussions 

Structural  Characterizations 

Electrochemical  Characteristics 

Electrochemical  behavior  of  oxygen-rich  spinel  cathode  of  2.5  ~ 3.5  V 

region 

Cyclic  voltammetry  and  discharge  capacity  of  2.5  ~ 3.5  V region 

Cycling  behavior  of  2.5  ~ 3.5  V region 

AC  impedance  of  2.5  ~ 3.5  V region 

Rate  capability  of  2.5  ~ 3.5  V region 

Cyclic  voltammetry  of  2.5  ~ 4.5  V region 

Discharge  capacity  and  cycling  behavior  of  2.5  ~ 4.5  V region 

Summary 


135 

135 

135 

138 

138 

141 

142 
144 
147 
149 
149 
152 


7 CONCLUSIONS 172 

APPENDIX  FITTING  OF  THE  AC  IMPEDANCE 176 

LIST  OF  REFERENCES 1 89 

BIOGRAPHICAL  SKETCH 1 97 


vii 


LIST  OF  TABLES 


Table  page 

2-1 . Cost,  reserves,  and  environmental  limit  of  transition  metals 12 

2-2.  Primary  reaction  channels  for  KrF  excimer.  An  asterisk^*)  represents  an 

electronically  excited  state  of  the  species 30 

4-1.  Parameters  measured  from  the  cyclic  voltammograms 69 

4- 2.  Parameters  calculated  from  the  AC  impedance  spectra 77 

5- 1 . Parameters  calculated  from  the  AC  impedance  spectra  of  LiAlxMn2-x04  thin  films 

grown  by  PLD 109 

6- 1.  Parameters  calculated  from  the  AC  impedance  spectra  of  LiAlNMn2.x04+6  thin  films 

grown  by  UVPLD 145 


viii 


LIST  OF  FIGURES 


Figure  page 

2-1.  Electrochemical  operation  of  a cell:  (a)  Discharge  and  (b)  Charge 38 

2-2.  Schematic  of  the  electrochemical  process  in  a Li-ion  battery 39 

2-3.  Schematic  of  a unit  cell  structure  of  the  spinel  LiMii204 40 

2-4.  Variation  of  voltage  as  a function  of  x in  Lii+xMn204  and  Lii.xMn204  in  Li/LiMn204 
cell 41 

2-5.  Jahn-Teller  distortion  of  the  d4  electron  configuration  for  LiMn204 42 

2-6.  Schematic  cross  section  of  a thin  film  Li-ion  battery 43 

2-7.  Li-Mn-0  spinel  phase  diagram 44 

2-8.  Three-dimensional  diagram  of  capacity-rechargeability-chemical  composition  for 

each  compound  on  the  LiMn^-LLMnsOirLLMruCL  plane 45 

2-9.  Electronic  states  in  excimer  emission 46 

2-10.  XPS  high  resolution  of  O Is  region  acquired  from  Y2C>3  thin  film:  (a)  UVPLD  and 

(b)  PLD  at  different  temperature 47 

2-11.  Cyclic  voltammograms  of  (a)  reversible  process,  (b)  irreversible  process,  and  (c) 
quasi-reversible  process 48 

2-12.  Constant  current  chronopotentiometry 49 

2-13.  Equivalent  electrical  circuit  of  an  electrochemical  cell  for  a simple  electrode 

process 50 

2- 14.  A typical  Nyquist  plot  of  a simple  electrochemical  process 51 

3- 1.  Schematic  of  UVPLD  system 58 

3- 2.  Schematic  of  the  electrochemical  cell  used 59 

4- 1.  XRD  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at  (a)  700  C,  (b)  500”C.  and 

(c)  300°C 83 


IX 


4-2.  Lattice  constant  (left)  and  FWHM  of  (1 1 1)  peak  (right)  of  LiMn204  thin  films  grown 
in  500  mtorr  of  02  as  a function  of  substrate  temperature 83 

4-3.  SEM  micrographs  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at  (a)  400°C,  (b) 
500°C,  and  (c)  700°C 84 

4-4.  TEM  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at  500°C:  (a)  Bright  field 
image  with  selected  area  electron  diffraction  (SAD)  and  (b)  Energy  dispersive  X- 
ray  spectroscopy  (EDX) 85 

4-5.  XPS  survey  scan  of  LiMn204  thin  film  grown  in  500  mtorr  of  02  at  300°C 86 

4-6.  High  resolution  XPS  of  Mn  2p3/2  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at 
(a)  300°C,  (b)  500°C,  and  (c)  700°C 87 

4-7.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  a LiMn204  thin  film  grown  at 
300°C:  (a)  Normal  cyclic  voltammograms  and  (b)  Psudocapacitances  at  different 
sweep  rates 88 

4-8.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films  grown  at 
300°C,  400°C,  500°C,  600°C,  and  700°C.  Sweep  rate  : 0.1  mV/s 89 

4-9.  Diffusion  coefficients  of  Li+  in  the  LiMn204  thin  film  as  a function  of  substrate 

temperature 90 

4-10.  The  first  discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films  grown 
at  300°C,  400°C,  500°C,  600°C,  and  700°C.  Discharge  rate:  1 C rate 91 

4-11.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films  grown  at  (a) 

300°C,  (b)  400°C  and  (c)  500°C 92 

4-11.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  a LiMn204  thin  film  grown  at  (d) 
600°C  and  (e)  700°C 93 

4-12.  Discharge  capacity  as  a function  of  cycle  number  in  the  range  of  2.5  ~ 3.5  V of 

LiMn204  thin  films  grown  at  different  temperatures:  (a)  Specific  discharge  capacity 
and  (b)  Relative  discharge  capacity 94 

4-13.  AC  impedance  spectroscopy  of  LiMn204  thin  films:  (a)  As-received  LiMn204  thin 
films  grown  at  different  temperatures  and  (b)  LiMn204  thin  film  grown  at  300°C 
after  cycling 95 

4-14.  Equivalent  circuit  used  for  the  fitting  of  the  Nyquist  plots 96 

4-15.  Double  layer  capacitance  and  charge  transfer  resistance  of  LiMn204  thin  films 

grown  at  different  temperatures 96 


x 


4-16.  Discharge  curves  at  different  current  densities  of  LiMn204  thin  films  grown  at  (a) 
300°C,  (b)  400°C,  (c)  500,  (d)  600°C,  and  (e)  700°C 97 


4-17.  Discharge  rate  capability  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films  grown 
at  different  temperatures 98 

4-18.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 4.5  V of  LiMn204  thin  films  grown  at 
(a)  300°C  and  (b)  500  C.  Sweep  rate:  0.1  mV/s 99 

4- 19.  Discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  LiMn204  thin  films  grown  (a)  300° 

C and  (b)  500°C.  Discharge  rate  : 60  pA/cm2 100 

5- 1.  XRD  ofLiAlxMn2.x04  targets:  (a)  x = 0.1,  (b)  x = 0.2,  and  (c)  x = 0.3 117 

5-2.  XRD  of  LiAlxMn2_x04  thin  films  grown  in  500  mtorr  of  02  at  500°C:  (a)  x = 0. 1 , (b) 
x = 0.2,  and  (c)  x = 0.3 118 

5-3.  Lattice  constants  of  LiAlxMn2.x04  targets  and  thin  films  grown  in  500  mtorr  of  02  at 
500°C 118 

5-4.  SEM  micrographs  of  (a)  LiAlo.iMni  g04  and  (b)  LiAl0.2Mni ,804  thin  films  grown  in 
500  mtorr  of  02  at  500°C 1 1 9 

5-5.  XPS  survey  scan  of  LiAlo.3M1i1.7CE  thin  film  grown  in  500  mtorr  of  02  at  500°C.  .120 

5-6.  O Is  spectra  of  LiAlxMn2.x04  thin  film  grown  in  500  mtorr  of  02  at  500°C:  (a)  x = 
0.1,  (b)  x = 0.2,  and  (c)  x = 0.3 121 

5-7.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2_x04  thin  films  grown 
in  500  mtorr  of  02  at  500°C 1 22 

5-8.  The  first  discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04  thin  films 

grown  in  500  mtorr  of  02  at  500°C 123 

5-9.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  (a)  LiAlo.iMni  .904,  (b) 

LiAlo.2Mni  g04,  and  (C)  LiAlo.3Mn1.7Ozi  thin  films  grown  in  500  mtorr  of  02  at  500° 
C 124 

5-10.  Discharge  capacity  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04  thin  films  grown  in 
500  mtorr  of  02  at  500  C:  (a)  Specific  discharge  capacity  and  (b)  Relative 
discharge  capacity 125 


5-11.  AC  impedance  spectroscopies  of  LiAlxMn2.x04  thin  films  grown  in  500  mtorr  of  02 
at  500°C 126 


5-12.  Discharge  curves  at  different  current  densities  of  (a)  LiAlo.1Mn1.9O4,  (b) 

LiAlo.2Mn1.8O4,  and  (c)  LiAloaMni  7O4  thin  films  grown  in  500  mtorr  of  O2  at  500 
C 127 

5-13.  Discharge  rate  capability  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2-x04  thin  films 

grown  in  500  mtorr  of  02  at  500°C 1 28 

5-14.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2.x04  thin  films 

grown  in  500  mtorr  of  02  at  500°C:  (a)  x = 0.1,  (b)  x = 0.2,  and  (c)  x = 0.3 129 

5-15.  The  first  discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2.x04  thin  films 
grown  in  500  mtorr  of  02  at  500°C.  Discharged  at  1 C rate 130 

5-16.  Discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  (a)  LiAlo.1Mn1.9O4,  (b) 

LiAlo.2Mni  8O4,  and  (C)  LiAlojMni  7O4  thin  films  grown  in  500  mtorr  of  02  at  500 
C.  Discharged  at  1 C rate 1 3 1 

5- 17.  Discharge  capacity  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMii2-x04  thin  films  grown  in 

500  mtorr  of  02  at  500°C:  (a)  Specific  discharge  capacity  and  (b)  Relative 
discharge  capacity 132 

6- 1 . XRD  ofLiMn204  thin  films  grown  in  500  mtorr  of  02  at  500°C  by  (a)  UVPLD  and 

(b)  PLD 154 

6-2.  XRD  of  LiAlo.2Mn1.gO4  thin  films  grown  in  500  mtorr  of  02  at  500"C  by  (a)  UVPLD 
and  (b)  PLD 155 

6-3.  Lattice  constants  of  LiAlxMn2.x04  thin  films  grown  in  500  mtorr  of  02  at  500"C  by 
PLD  and  UVPLD 155 

6-4.  SEM  micrographs  of  (a)  LiMn204,  (b)  LiAlo.1Mn1.9O4  and  (c)  LiAlo.3Mn1.7O4  thin 

films  grown  by  UVPLD  in  500  mtorr  of  02  at  500°C 1 56 

6-5.  High  resolution  XPS  of  Mn  2p3/2  of  thin  films  grown  in  500  mtorr  of  02  at  500°C  by 
UVPLD:  (a)  LiMn204,  (b)  LiAlo.iMni  9O4,  and  (c)  LiAlo.3Mn1.7O4 157 

6-6.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiMn204+6  thin  film  grown  by 
UVPLD  in  500  mtorr  of  02  at  400°C 158 

6-7.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiMn204+g  thin  film  grown  by 

UVPLD  in  500  mtorr  of  02  at  400°C 1 58 

6-8.  An  isothermal  cross  section  of  the  Li-Mn-0  phase  diagram  at  20°C;  Area  I and  II 

represent  regions  of  defect  spinel  and  defect  rock  salt  phases,  respectively 159 


xii 


6-9.  Discharge  curves  at  different  current  densities  of  LiMn204+g  thin  films  grown  by 

UVPLD  in  500  mtorr  of  02  at  400°C 1 59 

6-10.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2_x04+8  (x  = 0,  0.1, 
0.2,  0.3)  thin  films  grown  by  UVPLD  in  500  mtorr  of  02  at  500°C 160 

6-11.  The  first  discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  Li AlxMn2.x04+s  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500°C 161 

6-12.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04+8  thin  films  grown  by 
UVPLD  in  500  mtorr  of  02  at  500°C:  (a)  x = 0,  (b)  x = 0. 1 . (c)  x = 0.2.  and  (d)  x = 
0.3 162 

6-13.  Discharge  capacity  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04+g  thin  films  grown 
by  UVPLD  in  500  mtorr  of  02  at  500°C:  (a)  Specific  discharge  capacity  and  (b) 
Relative  discharge  capacity 163 

6-14.  AC  impedance  spectroscopies  of  LiAlxMn2_x04+6  thin  films  grown  by  UVPLD  in 
500  mtorr  of  02  at  500°C 1 64 

6-15.  Diffusion  coefficients  of  Li  on  discharge  (left)  and  charge  transfer  resistances 
(right)  as  a function  of  x in  LiAlxMn2_x04+8  thin  films  grown  by  UVPLD  in  500 
mtorr  of  02  at  500°C 165 

6-16.  Discharge  curves  at  different  current  densities  of  LiAlxMn2_x04+8  thin  films  grown 
by  UVPLD  in  500  mtorr  of  02  at  500°C:  (a)  x = 0,  (b)  x = 0. 1 , (c)  x = 0.2,  and  (d)  x 
= 0.3 166 

6-17.  Discharge  rate  capability  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04+g  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500  C 167 

6-18.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2.x04+g  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500  C:  (a)  x = 0.  (b)  x = 0.2,  and  (c)  x = 

0.3 168 

6-19.  The  first  discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2.x04+8  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500°C 169 

6-20.  Discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  (a)  LiMn204+6,  (b)  LiAl0  iMni  y04+s, 
(c)  LiAlo.2Mni  804+g,  and  (d)  LiAlojMm  76)4+5  thin  films  grown  by  UVPLD  in  500 
mtorr  of  02  at  500°C.  Discharged  at  1 C rate 1 70 


6-21.  Discharge  capacity  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2.x04+8  thin  films  grown 
by  UVPLD  in  500  mtorr  of  02  at  500°C:  (a)  Specific  discharge  capacity  and  (b) 
Relative  discharge  capacity 171 


A-l . Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  300°C  in  the  oxygen  500 
mtorr 177 

A-2.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  400  C in  the  oxygen  500 
mtorr 178 

A-3.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  500  C in  the  oxygen  500 
mtorr 179 

A-4.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  600  C in  the  oxygen  500 
mtorr 1 80 

A-5.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  700"C  in  the  oxygen  500 
mtorr 181 

A-6.  Fitting  of  AC  Impedance  of  LiAlo.iMni  g04  thin  film  grown  at  500°C  in  the  oxygen 
500  mtorr 1 82 

A-7.  Fitting  of  AC  Impedance  of  LiAlo^Mni.gCL  thin  film  grown  at  500"C  in  the  oxygen 
500  mtorr 183 

A-8.  Fitting  of  AC  Impedance  of  LiAlo.3Mn1.7CXt  thin  film  grown  at  500°C  in  the  oxygen 
500  mtorr 184 

A-9.  Fitting  of  AC  Impedance  of  LiMn204+5  thin  film  grown  by  UVPLD  at  500°C  in  the 
oxygen  500  mtorr 185 

A-10.  Fitting  of  AC  Impedance  of  LiAlo.iMni  g04+s  thin  film  grown  by  UVPLD  at  500"C 
in  the  oxygen  500  mtorr 186 

A-l  1.  Fitting  of  AC  Impedance  of  LiAlojMni  804+g  thin  film  grown  by  UVPLD  at  500  C 
in  the  oxygen  500  mtorr 187 


A-I2.  Fitting  of  AC  Impedance  of  LiAlojMni  704+s  thin  film  grown  by  UVPLD  at  500°C 
in  the  oxygen  500  mtorr 1 88 


Abstract  of  Dissertation  Presented  to  the  Graduate  School 
of  the  University  of  Florida  in  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of  Doctor  of  Philosophy 

ENHANCED  ELECTROCHEMICAL  CHARACTERISTICS  OF  LITHIUM 
MANGANESE  OXIDE  THIN  FILM  CATHODE  FOR  LI-ION  RECHARGEABLE 

MICROBATTERIES 

By 

Won-Seok  Kim 
August  2004 

Chair:  Rajiv  K.  Singh 

Major  Department:  Materials  Science  and  Engineering 

Spinel  LiMn204  (average  oxidation  state  of  Mn  = 3.5)  thin  film  has  been  introduced 
for  a promising  cathode  of  thin  film  lithium-ion  microbatteries  because  of  its  advantages 
over  other  cathodes.  Thus,  many  research  groups  have  been  investigating  the  thin  film 
lithium  manganese  oxide  cathode  using  several  different  techniques  but  only  a few  of 
them  achieved  acceptable  electrochemical  properties  required  for  a thin  film  cathode  for 
4 V region.  However,  for  3 V application  the  wide  applications  of  LiMn204  film  as  a 
cathode  in  rechargeable  microbatteries  have  been  restricted  by  electrochemically 
unfavorable  facts  such  as  capacity  fade  on  cycling  and  poor  rate  capability  at  high  rates. 
In  this  study,  we  examined  the  mechanisms  responsible  for  capacity  fade  on  cycling  and 
rate  capability  of  LiMn204  thin  film  cathodes  with  the  help  of  pulsed  laser  deposition 
(PLD)  technique. 

In  an  attempt  to  address  these  issues,  a three-part  experimental  procedure  has  been 
designed  to  look  at  the  effect  of  structure  and  compositions  of  the  thin  film  cathodes  on 
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their  electrochemical  characteristics.  First,  the  effect  of  growth  temperature  of  the  thin 
film  cathodes  has  been  investigated.  Next.  LiMmO.!  thin  film  cathodes  doped  with 
aluminum,  which  replaces  Mn3+  in  the  spinel  structure,  have  been  synthesized  and 
characterized  as  a function  of  the  amount  of  aluminum  substituted.  Finally,  ultraviolet 
radiation  was  added  to  a PLD  system  for  in  situ  ultraviolet-assisted  PLD  (UVPLD) 
growth  of  cathode  films.  Through  the  addition  of  ultraviolet  radiation,  highly  reactive 
oxygen  species  are  generated  which  alter  the  oxygenation  conditions  and  dynamically 
alter  the  films  properties  such  as  crystallinity  and  composition. 

A variety  of  characterization  techniques  indicate  that  LiMmCfi  thin  film  cathodes 
grown  at  400  ~ 500°C  exhibit  the  optimized  electrochemical  characteristics  in  terms  of 
capacity,  capacity  retention,  and  rate  capability.  Al-doped  LiMmCfi  thin  films  show  a 
more  stable  structure,  leading  to  higher  capacity  retention  with  some  sacrifice  of 
discharge  capacity  and  rate  capability.  Oxygen-rich  spinel  (LiMmO^g,  5>0)  thin  film 
cathodes  produced  by  UVPLD  result  in  very  high  capacity  and  better  rechargeability  but 
lower  rate  capability. 
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CHAPTER  1 
INTRODUCTION 

The  Li-ion  battery  market  has  grown  in  a decade  and  its  value  was  estimated  to  be 
$1.86  billion  in  2000.  Due  to  the  expectation  of  growth  to  over  1.1  billion  units  with 
value  of  over  $4  billion  by  2005,  market  interest  in  this  cost-effective,  high  performance 
and  safe  technology  has  driven  spectacular  development  [Ehr02],  This  technology  has 
rapidly  become  the  standard  power  source  in  a broad  array  of  markets,  and  battery 
performance  continues  to  improve  as  Li-ion  batteries  are  applied  to  an  increasingly 
diverse  range  of  applications.  The  capability  of  miniaturization  and  the  reduction  in  scale 
and  power  requirements  of  electronic  devices  prompted  work  on  developing  all  solid- 
state  thin  film  microbatteries  for  microelectronic  applications  such  as  stand-by  power 
sources  on  CMOS  memory  chip,  microsensors  and  microactuators  [Zha97a,  Zha97b], 

In  Li-ion  batteries,  the  cathode  is  typically  lithium  transition  metal  oxide  such  as 
LiCo02,  LiNiCb  and  LiMn204  that  are  all  possible  to  incorporate  lithium  ions  in  a 
reversible  intercalation/deintercalation  process.  Lithium  manganese  oxide  has  attracted 
attention  for  the  cathode  in  the  Li-ion  battery  industry  due  to  the  merits  over  the  others. 
Manganese  is  abundant,  cheap  and  environmentally  benign  compared  with  cobalt  and 
nickel  [Arp88,  Sit85], 

However,  LiMnaCU  has  some  critical  issues  to  be  overcome  before  it  is  widely 
used:  capacity  fade  upon  cycling  and/or  storage  at  3 ~ 4 V regions  and  poor  discharge 
rate  capability  at  high  current  density.  Mechanisms  responsible  for  capacity  fade  have 
been  introduced  by  several  research  groups:  (1)  Jahn-Teller  distortion  due  to  the 
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anisotropic  expansion/contraction  during  cycling,  (2)  dissolution  of  manganese  through 
the  disproportionation  of  MnJ+  in  the  electrolyte,  and  (3)  instability  of  LiMn204  with  two- 
phase  structure  [Cho99,  Tha95,  SunOO,  Xia98],  The  capacity  fade  on  cycling  is  strongly 
dependent  on  the  stability  of  the  host  structure  to  the  repeated  insertion/extraction  of 
lithium  ions  during  the  discharge/charge.  The  rate  capability  is  another  limitation  factor 
ofLiMn204.  It  has  been  reported  that  the  high  discharge  rate  performance  of  the 
Li/LiMn204  cell  is  limited  by  the  chemical  diffusivity  of  lithium  ions  [Lin95.  JanOO], 
Therefore,  the  rate  capability  of  LiMn204  is  significantly  dependent  upon  crystallinity 
and  microstructure  of  the  spinel  such  as  particle  or  grain  size,  uniformity  of  grains,  and 
specific  surface  area. 

The  purpose  of  this  study  is  to  understand  the  fundamental  relation  between 
structure  and  electrochemical  characteristics  of  LiMn204  thin  film  cathodes  and  to  pursue 
optimum  properties  such  as  higher  capacity  retention  and  rate  capability  using  the  pulsed 
laser  deposition  (PLD)  technique. 

In  chapter  2,  an  overview  of  the  literature  on  related  subjects  to  this  research  is 
presented.  This  consists  of  the  reviews  of  Li  ion  batteries,  LiMn204  and  related  structure, 
thin  film  synthesis  techniques  including  PLD  and  ultraviolet-assisted  PLD.  and 
electrochemical  measurement  methods.  Chapter  3 discusses  the  experimental  procedures 
and  characterization  techniques  for  investigating  the  properties  of  thin  film  cathodes 
grown  in  this  study.  Three  factors  that  affect  the  structure  and  properties  of  LiMn204  thin 
film  cathodes  have  been  studied  in  chapters  4,  5,  and  6.  Firstly,  we  examined  the  effect  of 
growth  temperature  of  thin  film  cathodes  on  the  electrochemical  properties.  Different 
crystallinity,  grain  shape  and  size,  and  compositions  of  the  cathodes  as  a function  of 
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temperature  have  been  correlated  to  their  performances  as  a cathode  in  a Li-ion 
rechargeable  battery.  Secondly,  aluminum-doped  LiMn204  thin  film  cathodes  have  been 
examined  to  improve  the  structural  stability,  leading  to  better  electrochemical 
performance.  The  study  of  the  effect  of  UV  radiation  during  the  growth  of  the  thin  film 
cathodes  on  the  electrochemical  characteristics  of  thin  film  cathode  is  followed.  Finally, 
all  conclusions  of  the  experiment  are  summarized  in  chapter  7. 


CHAPTER  2 
LITERATURE  REVIEW 

Electrochemical  Cell  (Battery) 

Fundamentals  of  Batteries 

A battery  is  a device  that  converts  the  chemical  energy  of  its  active  materials  into 
electric  energy  by  an  electrochemical  oxidation-reduction  (redox)  reaction.  This  reaction 
involves  the  transfer  of  electrons  from  one  material  to  another  through  an  electric  circuit. 
While  the  term  battery  is  often  used,  the  basic  electrochemical  unit  being  referred  to  is 
the  cell.  A battery  is  composed  of  one  or  more  of  these  cells  connected  in  series  or 
parallel  depending  on  the  desired  voltage  and  capacity.  The  cell  consists  of  three  main 
components:  The  negative  electrode  (anode)  gives  up  electrons  to  the  external  circuit  and 
is  oxidized  during  the  electrochemical  reaction.  The  positive  electrode  (cathode)  accepts 
electrons  from  the  external  circuit  and  is  reduced  during  the  electrochemical  reaction. 

The  electrolyte  provides  the  medium  for  transfer  of  charge  as  ions  inside  the  cell  between 
the  anode  and  cathode.  In  a practical  system,  the  anode  must  be  an  efficient  reducing 
agent  producing  high  coulombic  output  with  stability  and  be  fabricated  with  ease  and  low 
cost.  The  cathode  must  be  an  efficient  oxidizing  agent  with  stability  to  the  electrolyte  and 
have  a useful  working  voltage.  The  electrolyte  must  have  a good  ionic  conductivity  but 
not  be  electronically  conductive,  which  would  cause  internal  short-circuiting.  In  addition, 
important  properties  required  for  the  electrolyte  are  non-reactivity  with  the  electrode 
materials,  little  change  in  properties  in  temperature,  safety,  and  low  cost.  In  a practical 
battery,  a separator  material  is  used  to  separate  the  anode  and  cathode  electrodes 
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mechanically  to  prevent  internal  short-circuiting.  However,  the  separator  is  permeable  to 
the  electrolyte  in  order  to  maintain  the  desired  ionic  conductivity. 

Electrochemical  cells  and  batteries  are  classified  as  primary  (non-rechargeable)  and 
secondary  (rechargeable)  in  terms  of  their  capability  of  being  electrically  recharged. 
Primary  batteries  are  not  capable  of  being  charged  and  thus  are  discharged  once  and 
discarded.  These  batteries  are  usually  inexpensive  and  lightweight  power  sources  im- 
portable electronic  and  electric  devices,  lighting,  camera,  and  other  applications.  The 
advantages  of  the  primary  batteries  are  good  shelf  life,  high  energy  density  at  low  and 
moderate  discharge  rate,  and  ease  of  use.  Secondary  batteries  can  be  electrically 
recharged  to  their  original  condition  by  passing  current  in  the  opposite  direction  to  that  of 
the  discharge  current.  The  secondary  batteries  are  used  or  discharged  as  a primary  battery, 
but  recharged  after  use  rather  than  being  discarded.  Not  only  can  secondary  batteries  be 
charged  but  also  have  high  power  density,  high  discharge  rate,  and  good  low  temperature 
performance.  Secondary  batteries  are  being  used  in  portable  consumer  electronics,  power 
tools,  and  electric  vehicles  for  saving  cost  since  they  can  be  recharged  rather  than 
replaced. 

The  operation  of  a cell  during  discharge  and  charge  is  shown  in  Figure  2-1  (a)  and 
(b)  [Tin02],  In  the  discharge  process  electrons  flow  from  the  anode,  which  is  oxidized, 
through  the  external  load  to  the  cathode,  where  the  electrons  are  accepted  and  the  cathode 
material  is  reduced.  Within  the  cell,  working  ions  flow  from  the  anode  to  the  cathode  to 
convert  chemical  energy  into  electrical  energy,  which  is  used  as  a power  source.  The 
electric  circuit  is  completed  in  the  electrolyte  by  the  flow  of  anions  and  cations  to  the 
anode  and  cathode,  respectively.  In  the  charge  process  electrons  flow  is  reversed  and 
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oxidation  takes  place  at  the  positive  electrode  and  reduction  at  the  negative  electrode.  By 
definition,  the  positive  electrode  is  now  the  anode  and  the  negative  the  cathode.  Within 
cell,  working  ions  flow  from  the  positive  electrode  (anode)  into  negative  electrode 
(anode)  to  convert  electrical  energy,  back  into  chemical  energy.  The  electrical  current 
delivered  by  the  cell  to  the  external  load  is  matched  by  the  ionic  current  within  the  cell  in 
both  discharge  and  charge. 

Reactions  take  place  at  the  electrode  interfaces  in  a cell.  The  reaction  at  one 
electrode  (reduction  in  forward  direction)  can  be  described  by 

aA  + ne' <->•  cC  (2.1) 

where  a molecule  of  A accept  n electrons  e"  to  form  c molecules  of  C.  At  the  other 
electrode  (oxidation  in  forward  direction)  can  be  represented  by 

bB  <->•  dD  + ne'  (2.2) 

The  overall  reaction  in  the  cell  is  given  by  addition  of  these  half-cell  reactions. 

aA  + bB  cC  + dD  (2.3) 

When  a reaction  occurs,  there  is  a decrease  in  the  free  energy  of  the  system,  which  is 
expressed  by 

AG°  = - nFE°  (2.4) 

where  F is  a Faraday  constant  (96487  coulombs)  and  E°  standard  potential  (standard 
electromotive  force).  The  change  in  the  standard  free  energy  AG°  of  a cell  reaction  is  the 
driving  force  that  enables  a battery  to  deliver  electrical  energy  to  an  external  circuit.  The 
maximum  electric  energy  delivered  by  the  chemicals  that  are  supplied  to  or  stored  within 
the  electrode  in  the  cell  is  dependent  upon  the  change  in  free  energy  of  electrochemical 
couple  as  shown  in  the  above  equation. 
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For  a condition  other  than  the  standard  state,  the  voltage  E of  a cell  can  be 
expressed  by  the  Nernst  equation  as  below 


E = r-HlnacaJD 


nF  ala 


a ab 
A “ B 


(2.5) 


where  a-,  is  an  activity  of  relevant  species,  R is  a gas  constant,  and  T is  an  absolute 
temperature  [BarOl], 

The  theoretical  specific  capacity  of  a cell  is  determined  by  the  total  quantity  of 
electricity  participated  in  the  electrochemical  reaction  in  the  cell  and  is  defined  as 
coulombs  or  ampere-hours.  Theoretically,  1 gram-equivalent  weight  of  material  will 
deliver  96487  C or  26.8  Ah.  The  theoretical  specific  capacity  (Ah/kg)  of  an 
electrochemical  cell  is  calculated  from  the  equivalent  weight  of  the  reactants  that  is 
participitated  in  the  electrochemical  reaction.  For  example,  the  theoretical  specific 
capacity  of  the  primary  Li/Mn02  battery  is  0.286  mAh/kg,  that  is, 

Li  + Mn(IV)02  ->  LiMn(lII)02  (2.6) 


(3.86  Ah/kg)  (0.308  Ah/g) 

0.359  g/Ah  + 3.24  g/Ah  = 3.499  g/Ah  or  0.286  mAh/kg 

The  capacity  density  (Ah/L)  can  be  also  given  by  dividing  the  total  quantity  of  electricity 
by  the  volume  of  active  materials  in  the  cell. 

The  theoretical  energy  of  a cell  based  on  watt-hour  is  determined  by  taking  both  the 
voltage  and  the  quantity  of  electricity  into  consideration.  This  theoretical  energy  is  the 
maximum  value  that  can  be  delivered  by  a specific  electrochemical  system. 

Energy  (Wh)  = Voltage  (V)  x Quantity  of  Electricity  (Ah)  (2.7) 
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The  theoretical  specific  energy  (Wh/kg)  and  energy  density  (Wh/L)  are  obtained  by 
dividing  the  energy  of  a cell  (Wh)  by  the  weight  and  volume  of  the  active  materials 
involved  in  the  electrochemical  reaction  in  the  cell,  respectively. 

The  theoretical  power  of  a cell  is  determined  by  the  product  of  the  electric  current 
delivered  by  the  cell  and  the  voltage  between  the  anode  and  cathode. 

Power  (W)  = Voltage  (V)  x Current  (A)  (2.8) 

The  theoretical  specific  power  (W/kg)  and  power  density  (W/L)  are  obtained  by  dividing 
the  power  of  a cell  (W)  by  the  weight  and  volume  of  the  active  materials  involved  in  the 
electrochemical  reaction  in  the  cell,  respectively. 

From  the  Equation  (2.8),  the  maximum  power  of  a battery  can  be  obtained  by  both 
the  maximum  voltage  and  electric  current. 

Wmax  — Vmax  X I|nax  (2.9) 

However,  the  potential  is  decreased  from  its  open  circuit  value  (I  =0)  by  the  voltage  drop 
due  to  the  internal  resistance  Rb  of  the  battery,  which  can  be  expressed  as  below 

V = Vocv  - IRb  (2.10) 

The  magnitude  of  the  open  circuit  voltage  is  constrained  not  only  by  the  attainable 
difference  in  electrochemical  potentials  of  the  anode  and  cathode,  but  also  by  the  energy 
gap  Eg  between  the  highest  occupied  molecular  orbital  (HOMO)  and  the  lowest 
unoccupied  molecular  orbital  (LUMO)  of  a liquid  electrolyte. 


E 


ocv 


(J-A  “ |i.C 

-nF 


(2.11) 


where  pA  and  pc  are  the  electrochemical  potentials  of  the  anode  and  cathode,  respectively. 

In  order  to  maximize  Vocv  with  a thermodynamic  stability  the  difference  in  the 
electrochemical  potential  pA-  Pc  should  be  less  than  the  energy  gap  E„  of  electrolyte. 
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Thus,  the  matching  of  the  window  Eg  of  electrolyte  to  the  electrochemical  potential 
difference  between  pA  and  pc  is  of  an  important  factor. 

In  addition  to  as  high  Eocv  as  possible,  a low  internal  resistance  Rh  of  the  battery  is 
required. 

Rb  = Rei  + Rin(A)  + Rin(C)  + RC(A)  + Rc(C)  (2.12) 

The  electrolyte  resistance  R^  to  the  ionic  current  is  increased  with  increasing  the  effective 
thickness  but  decreased  with  increasing  the  area  filled  with  electrolyte.  Thus,  the  usage  of 
a separator  with  a large  geometrical  area  and  small  thickness  is  favorable  to  reduce  the 
Rei.  The  electrolyte-electrode  interface  resistance  Rinto  the  transport  of  the  working  ions 
is  increased  with  increasing  the  geometrical  area  at  the  electrodes  but  decreased  with 
increasing  the  interfacial  area.  A high  electrode  capacity  can  be  achieved  and  retained  by 
the  utilization  of  a high  fraction  of  the  electrode  material  provided  a good  electronic 
contact  between  particles  is  obtained  and  maintained  without  significant  fracture  of 
particles  over  the  repeated  charge/discharge  cycles.  Finally,  current  from  the  large  area 
electrodes  must  be  collected  to  the  anode  and  cathode,  and  a clever  geometrical  design  is 
needed  to  assemble  the  cell  into  a small  package  that  minimizes  the  current  collector 
resistance  Rc  of  each  electrode. 

Li-ion  Batteries 

Lithium  is  a theoretically  attractive  material  for  negative  electrodes  of 
electrochemical  cells  because  of  its  least  noble  nature  and  low  specific  gravity.  Primary 
cells  with  metallic  lithium  negative  electrodes  and  non-aqueous  electrolytes  came  into 
existence  in  the  early  1960s  and  they  were  successfully  introduced  into  the  market.  Their 
outstanding  features  in  comparison  with  conventional  batteries  with  aqueous  electrolytes 
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are  [Bro99a]  higher  voltage,  higher  energy  density  and  specific  energy,  lower  self- 
discharge  rate,  and  wider  temperature  range  of  operation. 

Thus,  rechargeable  batteries  with  metallic  lithium  negative  electrodes  have 
attracted  much  attention  as  a candidate  for  the  battery  with  high  energy  density,  and 
much  effort  has  been  made  in  developing  rechargeable  lithium  batteries.  However,  many 
practical  problems  have  been  encountered  in  development  of  rechargeable  lithium 
batteries.  Among  them  are  poor  cycle  performance,  need  for  long  charging  time,  and  poor 
safety  characteristics.  Most  of  these  issues  are  due  to  the  dendritic  lithium  formation 
during  cycling.  Dendrites  are  apt  to  penetrate  into  the  separator  and  to  cause  an  internal 
short  circuit  between  positive  and  negative  electrodes,  which  creates  problems  such  as 
poor  cycle  performances  and  undesirable  safety  characteristics.  Thus,  another  type  of 
rechargeable  battery  using  a lithiated  carbon  or  other  intercalation  materials  for  the 
negative  electrode  in  place  of  lithium  has  been  introduced.  It  has  been  confirmed  that  a 
lithium-graphite  intercalation  compound  (Li-GIC)  is  an  excellent  material  for  a negative 
electrode,  which  inherits  advantages  of  metallic  lithium  without  the  issue  of  lithium 
dendritic  formation  [Ros90],  It  is  possible  to  synthesize  lithium/carbon  alloys  by  the 
direct  chemical  reaction  of  lithium  and  carbon,  but  they  do  not  admit  a mass  production. 
The  usual  feature  is  that  pure  carbon  is  used  in  a negative  electrode  in  place  of  an  alloy 
and  a lithium-containing  compound  like  LiCo02is  applied  to  a positive  electrode. 

Lithium  ions  are  extracted  (deintercalation)  electrochemically  from  LiCoCL  during  the 
charge  of  a cell  in  aprotic  electrolytes  and  are  inserted  (intercalation)  into  a carbon 
negative  electrode  to  form  a lithium/carbon  alloy.  During  discharge,  lithium  ions  are 
extracted  from  the  alloy  and  inserted  back  into  LiCoC>2. 
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Graphite  has  a layered  structure  and  it  is  electrochemical ly  reduced  in  an  aprotic 
organic  electrolyte  containing  lithium  salts,  and  lithium  is  intercalated  between  the  layers 
ot  graphite  to  form  Li-GIC.  Li-GIC  is  able  to  be  charged  and  discharged  as  a 
rechargeable  negative  electrode  for  nonaqueous  electrolyte  cells  according  to  the 
following  reaction: 

LiaC -»  Lia.xC  + x Li+ + e'  (2.13) 

When  a negative  electrode  is  discharged,  lithium  is  deintercalated  from  lithiated  graphite 
and  lithium  ions  dissolve  into  the  electrolyte.  The  lithium  content  in  the  LiCoO:  electrode 
reversibly  changes  during  charge  and  discharge  as  indicated  in  the  following  equation: 
LiCo02  — > Lii-xCo02  + xLi+  + e‘  (2.14) 

In  the  LiCo02/graphite  cell  system,  the  overall  cell  reaction  is  as  follows: 

LiCo02  + Lia.xC  ->•  Lii.xCo02  + LiaC  (2.15) 

This  equation  indicates  that  the  cell  reaction  is  simple  migration  of  lithium  ions  between 
positive  and  negative  electrodes  and  no  metallic  lithium  is  present  in  the  system.  To  make 
a distinction  from  conventional  lithium  batteries,  this  battery  system  has  been  called 
“lithium  ion  secondary  battery”  because  a particular  ionic  bond  compound  (LiCo02)  is 
used  as  a positive  electrode  and  only  lithium  of  an  ionic  state  is  found  in  a negative 
electrode.  The  first  Li-ion  battery  was  commercialized  in  1990  by  SONY  Co  [Nag90],  A 
schematic  of  the  electrochemical  process  in  a Li-ion  battery  is  shown  in  Figure  2-2  in 
which  LiM02  represents  the  metal  oxide  positive  materials,  such  as  LiCo02,  and  C the 
carbonaceous  negative  material,  such  as  graphite  [Ehr02], 

Li-ion  battery  has  outstanding  properties  as  follows  [NisOl  |: 

1 . High  voltage. 
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2.  High  volumetric  and  gravimetric  energy  density, 

3.  Low  self-discharge  rate, 

4.  No  memory  effect, 

5.  Quick  charge  acceptance, 

6.  Excellent  cycle  life,  and 

7.  Wide  temperature  range  of  operation. 

In  a practical  Li-ion  battery  system,  the  positive  electrode  (cathode)  is  typically  metal 
oxide  with  a layered  (LiCo02,  LiNi02)  or  tunneled  structure  (LiMn204),  which  is  of 
interest  in  this  research  and  will  be  discussed  in  the  next  section. 

Lithium  Manganese  Oxide  (LiMn204) 

Positive  electrode  in  Li-ion  batteries  uses  a lithiated  transition  metal  oxide  as  an 
active  material.  It  has  been  known  that  LiCo02,  LiNi02,  and  LiMn204  showed  the 
practical  discharge  capacity  over  4 V (vs.  Li/  Li+)  through  the  reversible 
intercalation/deintercalation  of  Li+  during  cycling  [Miz80.  Tha84,  Tho85],  Among  them. 
LiMn204  has  attracted  much  attention  as  a positive  electrode  in  Li-ion  battery  due  to  its 
advantages  over  others;  Mn  is  abundant  and  much  cheaper  than  Co  and  Ni,  and  has  a 
friendlier  impact  on  the  environment  as  shown  in  Table  2-1.  Additionally,  LiMn204  has  a 
highest  thermal  stability  range  especially  when  overcharged  and  a higher  discharge 
voltage  [Bro99b,  NisO  1 ]. 

Table  2-1.  Cost,  reserves,  and  environmental  limit  of  transition  metals  [Arp88,  S i 1 8 5 ] . 


Mn 

Ni 

Co 

Cost  ($/kg) 

0.5 

13 

25 

Reserves  (ppm) 

950 

75 

25 

Exhaust  limit  (mg/m3) 

5 

1 

0.1 

Drainage  limit  (mg/13) 

200 

13.4 

0.7 

13 


/ 

However,  in  order  for  LiMn204to  be  extensively  used,  critical  issues  that  need  to 
be  addressed  are  the  capacity  fade  upon  cycling  and  the  rate  capability  at  high 
charge/discharge  rate.  Capacity  fade  of  the  Li-ion  cells  with  LiMn2C>4  is  the  result  of 
multiple  processes,  which  are  related  solely  to  the  positive  electrode  and/or  to  the 
interaction  of  it  with  the  electrolyte  and  negative  electrode  [Ant98],  Several  possible 
mechanisms  have  been  proposed  as  origins  of  the  capacity  fade:  (1 ) the  onset  of  Jahn- 
Teller  distortion  [Tha95,  Guo96.  SunOO],  (2)  dissolution  of  Mil  into  the  electrolyte 
[Bly98,  Cho99,  Kan96,  Rob97,  Xia98],  (3)  structural  instability  of  LiMn2Q4  [Xia96a, 
Xia97a,  Xia98],  and  (4)  decomposition  (oxidation)  of  the  electrolyte  [Jan96,  Xia97a]. 

The  discharge  rate  capability  is  another  limitation  factor  of  LiMn204.  It  has  been 
found  that  the  high  rate  performance  of  the  Li/  LiMn204  cell  was  mainly  limited  by  the 
rate  of  chemical  diffusivity  of  lithium  ions.  Thus,  rate  capability  of  LiMn204  is 


grain  size,  surface  area,  size  distribution  of  the  particle,  agglomeration,  etc.)  [Jai96,  JanOO, 
NagOO], 

Capacity  Fade  and  Rate  Capability 

The  structure  of  spinel  LiMn204  is  composed  of  a cubic  close-packed  array  in 
which  the  lithium  ions  are  located  at  the  8a  tetrahedral  sites,  one-eight  of  the  total 
tetrahedral  sites  with  empty  8b  and  64f  sites.  The  manganese  ions  occupy  the  16d 
octahedral  sites  while  the  16c  octahedral  sites  remain  empty.  The  oxygen  ions  are  located 

at  the  32e  sites  of  space  group  Fd3  m [Tha83,  Yam95],  The  schematic  unit  cell  structure 
of  the  spinel  LiMn2C>4  is  shown  in  Figure  2-3  [Goo98].  The  Mn204  framework  is  an 
attractive  host  structure  for  lithium  insertion/extraction  reactions  because  MnO(l  octahedra 
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are  edge-shared  and  provide  a stable  three-dimensional  network  for  lithium  ion  diffusion. 
Lithium  ions  diffuse  in  and  out  of  the  structure  via  the  open  framework  of  linked  8a 
tetrahedral  sites  and  1 6c  octahedral  sites  [Amm97]. 

A stoichiometric  spinel  Li/LiMi^CL  cell  exhibits  two  voltage  plateaus  at  4 V with 
two  sub-plateaus  and  3 V vs.  Li/Li+.  Figure  2-4  represents  the  variation  of  voltage  versus 
x in  Lii+xMn204  and  Li].xMn204  in  Li/LiM^CL  cell  [Goo02|.  The  voltage  plateau  at  4 V 
is  associated  with  the  electrochemical  insertion/extraction  of  lithium  ions  in  spinel 
LiM^CL  as  in  the  following  reversible  reaction: 

LiMn204 <-»  Li|.xMn204  + xe'  + xLi+  (2.16) 

The  Lii_xMn2C>4  spinel  phase  exhibits  two  distinct  voltage  plateaus,  at  4.2  V in  the  range 
of  0.5<x<l  and  at  4.0  V in  the  range  of  0<x<0.5,  generally  assigned  to  some  order- 
disorder  transition  in  the  cubic  spinel  caused  by  lithium  ion  insertion/extraction. 

The  voltage  plateau  at  3 V is  due  to  Li+  insertion  into  cubic  LiMn204  to  from 
tetragonal  LhMi^CL. 

LiMn204  + xe'  + xLi+  <->  Lii+xMmCL  (2.17) 

When  lithium  is  inserted  into  the  spinel  LiMi^CL  to  form  L^MmCL.  a Jahn-Teller 

* 

distortion  known  as  a cooperative  local  distortion  occurs.  The  insertion  of  lithium  into 
LiM^CL  is  accompanied  by  a reduction  in  the  average  oxidation  state  of  manganese 
from  3.5  to  3;  the  Mn4+  of  d3(t2g3)  configuration  is  reduced  to  the  Mn  ' of  d4(t2g3eg') 
configuration  with  an  extra  electron  on  the  eg  orbital.  The  e„(dxy)  and  ea(d/)  orbitals 
have  the  same  energy  and  are  orbitally  degenerated.  The  complex  will  then  distort  to 
remove  the  degeneracy  and  achieve  a lower  energy.  Most  common  the  electron  occupies 
the  eg(dz2)  orbital,  resulting  in  an  elongation  of  two  axial  bonds  and  compression  of  the 
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four  bonds  in  a plane.  The  Jahn-Teller  distortion  of  the  d4  electron  configuration  is 
illustrated  in  Figure  2-5  [Bjo02],  The  presence  of  more  than  50%  of  Jahn-Teller  ions 
(Mn3+)  in  the  host  structure  introduces  a cubic  to  tetragonal  distortion  (from  da  = 1 to  da 
= 1.16,  AV/V  = 6%)  [Bar93,  Koe95,  Mac91,  Tha92].  When  insertion  of  lithium  into 
Li i+xMn204 occurs  at  3 V for  (0<x<l),  it  causes  a first  order  transition  to  a rock  salt  phase 
L^M^CL  during  which  the  tetrahedrally  coordinated  lithium  ions  are  cooperatively 
displaced  into  the  octahedral  sites  (16c).  The  increase  in  Mn3+  concentration  within  the 
spinel  framework  reduces  the  symmetry  of  the  structure  from  cubic  in  LiMn204  to 
tetragonal  in  L^Mo^O^  The  large  anisotropic  expansion  of  the  unit  cell  that  is  reflected 
by  the  1 6%  increase  in  the  c parameter  is  too  severe  for  the  cubic  and  tetragonal  phases  to 
remain  as  one  intergrown  structure.  The  incompatibility  between  the  oxygen  arrays  of  the 
cubic  and  tetragonal  phase  causes  the  electrode  to  fracture  at  the  particle  surface.  This 
effect  destroys  structural  integrity  and  particle-to-particle  contact,  which  are  essential  for 
maintaining  the  electronic  conductivity  of  the  electrode.  This  large  anisotropic  (Jahn- 
Teller)  distortion  ( da  - 1.16)  is  generally  believed  to  be  largely  responsible  for  poor 
cycling  behavior  of  the  spinel  electrode  at  3 V [Gum94,  Tha98,  Yam95].  A rapid 
capacity  fade  on  cycling  in  the  3 V region  has  limited  application  of  lithium  manganese 
oxide  spinel  to  the  4 V region  [KanOl]. 

Although  capacity  fade  due  to  the  Jahn-Teller  distortion  is  predominant  at  3 V 
range,  the  Jahn-Teller  effect  has  been  also  observed  at  4 V range  on  cycling.  Eriksson  et 
al.  reported  that  Mn3+  rich  surface  was  detected  by  XPS  study  from  the  LiMn204  cycled 
over  3.5  ~ 4.5  V for  50  cycles  [Eri02] . They  attributed  the  MiT*  rich  surface  to  the  fact 
that  the  surfaces  of  some  particles  with  residual  lithium  after  charge  could  reach  a 
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Lii+xMn204  composition,  in  which  the  average  oxidation  state  of  manganese  decreased 
below  3.5.  Gummow  et  al.  postulated  that  some  capacity  fade  could  also  be  attributed  to 
the  formation  of  Li2Mn204at  the  spinel  surface  at  the  end  of  discharge  of  4 V 
Li/LixMn204  cells,  particularly  under  high  rate,  non-equilibrium  conditions  [Gum94],  It 
was  subsequently  shown  by  Liu  et  al.  that,  after  80  continuous  cycles  of  4 V Li 
/LixMn204  cells  when  charged  and  discharged  at  a high  rate  between  4.5  and  3.5  V.  there 
was  evidence  of  tetragonal  Li2Mn204  in  the  electrode  at  3.5  V,  even  though  this  phase  is 
thermodynamically  unstable  above  3 V:  its  existence  was  attributed  to  kinetic  limitations 
at  the  electrode  surface  during  fast  intercalation  [Liu96],  The  presence  of  tetragonal 
Li2Mn204  on  the  surface  of  discharged  LiMn204  electrodes  was  verified  more  recently  by 
transmission  electron  microscope  (TEM)  imaging  and  electron  diffraction  data  even  after 
a few  cycles  at  high  rate  [Tha98]. 

Capacity  fade  on  cycling  of  the  Li-ion  cells  has  been  ascribed  to  the  dissolution  of 
manganese  from  LiMn204  into  the  electrolyte  solution  by  Gummow  et  al.  [Gum94],  As 
an  evidence  of  the  dissolution  of  manganese,  Tarascon  et  al.  reported  the  presence  of  Mn 
on  the  surface  of  negative  electrode  by  RBS  [Tar94],  The  Mn  on  the  anode  surface  was 
deposited  by  reduction  of  the  dissolved  Mn.  In  a study  of  LixMn204  electrodes  by  Fourier 
transform  infrared  spectroscopy  (FTIR),  Wen  et  al.  concluded  that  capacity  fade  upon 
cycling  in  the  higher  voltage  region  was  attributed  to  the  dissolution  of  Mn  in  the 
electrolyte  and  the  formation  of  defect  spinel  phase  with  Mn4+  [Wen96],  Robertson  et  al. 
suggested  that  the  capacity  decline  could  be  attributed  to  the  disproportionation  of  the 
spinel  electrode  into  as  acid-soluble  (Mn2+)  and  compounds  containing  Mn4  ' such  as 
Li2Mn03  [Rob97].  In  a study  of  Li-Mn-0  spinel  electrodes  that  had  been  stored  at  55  C 
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in  a 1 M LiPF6  ethylene  carbonate  (EC)/  dimethylne  carbonate  (DMC)  electrolyte,  Blyr  et 
al.  reported  that  manganese  dissolution  changed  the  spinel  composition  with  the 
concomitant  formation  of  rock  salt  Li2Mn03  at  the  particle  surface  [Bly98] . 

Structural  changes  can  occur  at  the  spinel  electrode  because  of  the  instability  of  the 
lithiated  and  delithiated  Li-Mn-0  phase  in  acidic  nonaqueous  electrolyte.  For  example, 
the  acidity  of  electrolytes  containing  a LiPFf,  salt  can  produce  hydrofluoric  acid  that  is 
formed  by  the  reaction  of  LiPF6  with  residual  water  in  the  organic  solvent,  as  proposed  by 
Aurbach  and  Gofer  [Aur91]  and  Aurbach  et  al.  [Aur95], 

LiPF6  + H20  — ► LiF  + POF3  +2HF  (2.18) 

Hunter  reported  that  acid  treatment  of  LiMn204  resulted  in  the  defect  spinel  product  X- 
Mn02  [Hun81],  The  chemical  reaction 

2LiMn204  — *•  3^-Mn02  (solid)  + MnO  (solution)  + Li20  (solution)  (2.19) 

differs  from  the  electrochemical  reaction 

LiMn204  — * X-Mn02  + Li+  + e (2.20) 

because  in  the  chemical  reaction  lithium  and  manganese  are  dissolved  from  the  structure 
as  Li20  and  MnO,  respectively.  The  spinel  dissolves  because  the  Mil”  ion  is  unstable  in 
acid;  the  MnJ+  ion  disproportionate  according  to  the  reaction 

2Mn3+  -»  Mn4+  + Mn2+  (2.2 1 ) 

The  dissolution  of  manganese,  as  MnO,  is  responsible  for  the  change  in  oxidation  state  of 
the  manganese  ions  in  defect  spinel  framework  (A.-Mn02).  The  disproportionation 
reaction  of  LiMn204  in  acid  is  dictated  by  the  relative  dissolution  of  MnO  and  Li20. 
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The  presence  of  L^MnC^  is  attributed  to  the  dissolution  of  MnO  from  LTMmCb 
that  is  generated  as  an  over-discharged  product  at  the  surface  of  the  LiMmC^  spinel 
electrode  [Cho99], 

Li2Mn204  — * Li2Mn03  + MnO  (2.22) 

The  direct  transformation  of  Li2Mn204  to  Li2Mn03  can  be  attributed  to  several  factors: 
(1)  the  dissolution  of  Mn  from  Li2Mn204  leaves  the  exact  Ti:Mn  ratio  required  to  form 
Li2Mn03,  (2)  Li2Mn03  has  a rock  salt  structure  which  is  fully  oxidized  and  contains 
insoluble  Mn4+  ions,  and  (3)  Li2Mn03  is  thermodynamically  more  stable  than  defect 
spinel,  such  as  L-Mn02. 

Xia  et  al.  reported  that  capacity  fade  during  cycling  of  the  spinel  electrode  at  room 
temperature  occurred  only  in  the  high  voltage  region  (4.15  ~ 4.5  V in  the  charge  curve) 
and  it  was  caused  mainly  by  an  unstable  two-phase  structure  coexisting  in  this  region  for 
lithium  ion  insertion/extraction  [Xia96a,  Xia96b,  Xia97a].  They  proposed  that  the  one- 
phase  structure  of  spinel  in  the  low  voltage  region  (3.0  -4.15  V)  was  stable  for  lithium 
ion  insertion/extraction  but  two-phase  structure  in  the  high  voltage  region  was  not  stable 
[Xia97a].  It  was  observed  that  an  unstable  two-phase  transformed  to  stable  one-phase 
structure  at  elevated  temperature.  Thus,  they  also  proposed  that  major  factor  in  capacity 
fade  at  elevated  temperature  was  attributed  to  the  change  in  the  unstable  two-phase 
accompanied  by  loss  of  MnO  and  spinel  electrode  could  directly  lose  M112O3  at  a high 
temperature,  which  would  further  cause  the  capacity  loss  [Xia98],  In  addition,  Blyr  et  al. 
showed  the  poor  capacity  retention  after  storage  of  Li-ion  cell  (Li/LiMn204)  in  the 
discharge  state  at  55°C  owing  to  the  instability  of  spinel  LiMn204  with  respect  to  Mn 


dissolution  [Bly98],  They  concluded  that  Mn  dissolution  by  long  storage  at  55°C  induced 
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a deterioration  of  the  spinel  into  a defect  spinel  phase  in  the  composition  triangle 
LiM^Ozi-  L^MruCV  LLjMnsO^.  It  is  worth  noting  that  despite  the  substantial  decrease 
initial  capacity  due  to  the  self-discharge  of  LiMi^CL  Li-ion  cells  in  their  discharge  state 
at  55°C,  these  cells  exhibited  good  capacity  retention  upon  cycling. 

Capacity  fade  upon  cycling  is  also  attributed  to  instability  of  the  electrolyte. 
Decomposition  of  the  electrolyte  includes  reaction  of  the  solvent  at  electrode  surface  to 
yield  a passive  layer  (Solid  Electrolyte  Interphase  or  SEI),  resulting  in  an  increase  in 
electrode  resistance  [Jan96,  Mor97,  Xia97a],  The  increase  in  electrode  resistance  will 
cause  a high  cell  polarization,  leading  to  incomplete  charging  and  therefore  apparent 
capacity  losses.  It  is  advantageous  to  synthesize  electrode  material  with  a small  surface 
area  to  reduce  the  decomposition  of  electrolyte. 

Gao  et  al.  suggested  that  self  discharge  in  an  open-circuit  LiMroCL/C  cell  in  the 
charged  state  (4.7  V)  be  attributed  to  electrolyte  oxidation  at  the  LiMmCL  surface  [Gao96, 
Gum94],  Lithium  intercalation  into  the  spinel  was  proposed  to  accompany  the  electrolyte 
oxidation  to  balance  the  charge.  Electrolyte  oxidation  is  very  likely  to  take  place  at  the 
surface  of  highly  delithiated  spinel,  which  is  very  electron  acceptive  as  it  is  positively 
charged.  Basically,  the  electrolyte  molecule  acts  as  an  electron  donor  to  the  partially 
delithiated  spinel  and  induces  the  oxygen  loss.  The  oxygen  loss  from  the  sample  during 
cycling  not  only  causes  possible  structural  damage  to  the  spinel,  but  also  oxidizes  the 
electrolyte  and  shortens  the  cell  life. 

Another  limiting  factor  of  LiMn204  used  in  Li-ion  batteries  is  relatively  poor 
performance  at  high  charge/discharge  rate.  The  transport  and  diffusion  of  lithium  ions 
through  the  electrolyte,  at  the  surface  and  inside  electrode  are  thought  to  be  the  rate 
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limiting  process.  First,  solvated  lithium  ions  are  transported  through  the  electrolyte  whose 
ionic  conductivity  plays  a major  role  in  this  process.  Li+  can  transport  rapidly  in  the 
electrolyte  with  high  ionic  conductivity.  The  next  step  is  the  desolvation  of  Li+  at  the 
electrode  surface.  This  step  is  dependent  on  availability  of  active  surface  area  contacted 
with  the  electrolyte.  Interfacial  resistance  between  the  surface  of  the  electrode  and  the 
electrolyte  may  restrict  the  transport  of  Li+.  As  the  surface  area  increases  the  lithium  ion 
kinetics  increases.  Finally,  the  diffusion  of  lithium  ions  in  the  host  structure  occurs  along 
the  surface  to  the  intercalated  sites.  Diffusion  of  lithium  ions  depends  on  the  number  of 
sites  available,  the  diffusivity  of  Li+,  and  conductivity  [Lin95]. 

Several  routes  have  been  used  to  synthesize  the  spinel  LiMn204.  In  spite  of  the  very 
different  characteristics  of  methods  and  starting  materials  used,  the  heat  treatment  in  the 
range  of  700  ~ 900°C  have  been  performed  to  obtain  the  highly  crystalline  spinel 
LiMn204. 

Even  though  the  lithium  manganese  oxides  produced  at  the  lower  temperature  were 
found  to  include  other  undesirable  phases  such  as  Mn2C>3.  they  showed  significantly 
higher  rate  capabilities  than  those  for  materials  treated  at  high  temperature  [Man95, 

Tar95,  Zho95],  This  higher  rate  capability  was  attributed  to  relatively  small  particle  size 
and  large  specific  surface  area,  which  reduce  the  diffusion  length  of  Li  ions  during  the 
intercalation/deintercalation  and  increase  the  active  area  in  contact  with  the  electrolyte. 

Naghash  et  al.  reported  that  the  small  particle  size  of  lithium  manganese  oxide 
produced  by  co-precipitation  method  showed  higher  rates  of  lithium  insertion/extraction 
from  the  oxide  host  [NagOO],  Also  Jang  et  al.  showed  that  Li-ion  batteries  with  LiMn204 
composed  of  particles  in  the  form  of  small,  uniformly  sized  and  unagglomerated 
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exhibited  good  capability  over  a wide  range  of  rates  [ JanOO],  This  result  can  be  correlated 
with  an  increase  in  lithium  surface  reaction  sites  as  inferred  by  small  grain  .size  and  large 
surface  area. 

Since  the  radius  of  lithium  ion  and  the  tetrahedral  site  size  are  0.67  A and  0.38  A, 
respectively,  lithium  ions  should  move  through  a narrow  diffusion  path  so  that  much 
stress  could  be  imposed  in  the  surrounding  during  the  intercalation/deintercalation 
[Pyu97].  From  that  fact  Myung  et  al.  proposed  that  lithium  manganese  oxide  with 
relatively  poor  crystallinity  made  at  lower  temperature  might  be  able  to  relax  the  strain 
during  intercalation/deintercalation,  resulting  in  improvement  of  rate  capability  due  to  the 
increase  in  diffusivity  of  lithium  ions  [MyuOO],  However,  Xia  et  al.  speculated  that  a 
large  surface  area  would  prompt  Li/LiMn204  cell  to  lose  capacity  at  the  elevated 
temperature  because  of  an  increase  in  the  amount  of  manganese  dissolution  into  the 
electrolyte.  Therefore,  the  spinel  LiMn204  with  a small  surface  area  is  recommended  for 
use  as  a cathode  for  Li-ion  batteries  at  elevated  temperature  [XiaOO],  The  most  critical 
issue  for  wide  use  of  lithium  manganese  oxide  with  respect  with  the  rate  capability  would 
be  to  optimize  the  microstructure  (particle  size,  surface  area,  crystallinity)  without 
significant  loss  of  the  capacity  on  cycling  and  storage  in  the  practical  temperatures  (-20  ~ 
90°C). 

Thin-film  Lithium  Manganese  Oxide  (LiMn204) 

Among  several  advantages  of  the  solid-state  devices,  the  most  important  feature  is 
the  miniaturization  of  the  systems.  Progress  in  the  miniaturization  of  the  electronic 
devices  has  reduced  the  current  and  power  requirements  to  extremely  low  levels,  making 
possible  solid-state  thin-film  microbatteries  for  microelectronics  applications  such  as 
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stand-by  power  sources  on  complementary  metal  oxide  semiconductors  (CMOS)  memory 
chips  [Bat93],  Moreover,  the  high  capacity  and/or  voltages,  depending  on  the  ways  of 
stacking  of  the  cells  (parallel  or  series),  might  be  obtained  by  multi-cell  thin-film 
batteries.  A schematic  cross  section  of  a thin  film  Li-ion  battery  is  shown  in  Figure  2-6 
[TFB01],  Another  possible  application  of  the  thin-film  batteries  is  to  couple  them  with 
microsensors  and  microactuators  [Zha97a,  Zha97b], 

In  addition  to  practical  applications,  the  fundamental  study  of  the  intercalation  of 
lithium  in  oxides  is  necessary  to  better  understand  physical,  chemical,  and 
electrochemical  phenomena  observed.  However,  since  most  studies  of  lithium  manganese 
oxide  performed  from  the  porous  bulk  material  with  polymer  as  a binder  and  carbon  as  a 
conductivity  enhancer,  which  may  affect  the  properties  observed,  the  fundamental  studies 
about  intrinsic  properties  of  lithium  manganese  oxide  were  probably  interfered.  Thus, 
thin-film  LiMn2C>4  representing  a geometry  that  overcomes  many  uncertainties  caused  by 
additives  is  of  great  interest  in  a fundamental  point  of  view. 

Thin-films  of  lithium  manganese  oxide  have  been  synthesized  by  various  methods 
such  as  reactive  electron  beam  evaporation  [Sho91],  radio  frequency  magnetron 
sputtering  [Dud99,  Hwa95,  Par99],  chemical  vapor  deposition  (CVD)  [Liu99],  pulsed 
laser  deposition  (PLD)  [Str96],  and  spin  coating  [MatOl,  ParOOa,  ParOOb].  Shokoohi  el  al. 
reported  that  LixMn204  (x^l ) film  annealed  at  800°C  was  cycled  about  70  times  before 
the  capacity  dropped  to  50%  of  initial  capacity  in  the  range  of  3.5  ~ 4.5  V.  They 
concluded  the  decrease  in  capacity  on  cycling  was  attributed  to  solvent  oxidation  in  the 
electrolyte  at  potential  higher  than  4 V.  They  detected  small  amounts  of  nickel  impurities 
in  the  film  on  the  nickel  substrate  due  to  the  diffusion  of  nickel  into  the  thin-film  spinel  at 
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elevated  temperature  (800°C)  [Sho91],  Dudney  et  al.  synthesized  LixMn2.y04  ( 1 .2  < x < 
2.2,  y=  ~0.3)  films  by  using  RF  magnetron  sputtering  at  relatively  low  temperatures  (60  - 
200°C),  resulting  in  nanocrystalline  (-50  A)  with  Mn  deficiency  leading  to  the  high 
cyclability  over  1000  cycles  in  the  range  of  2.5  ~ 4.5  V.  Flowever,  the  maximum 
discharge  rate  was  limited  to  low  values  in  the  range  of  50  pA/cnr.  corresponding  to 
about  0.5  C rate.  Also  the  films  had  a wide  range  of  Li/Mn  ratio,  which  might  be 
problematic  for  the  practical  synthesis  [Dud99],  Thin-film  of  LiMn204  deposited  by  RF 
magnetron  sputtering  followed  by  rapid  thermal  anneal  (RTA)  at  750"C  for  60  seconds 
had  significantly  small  grains  in  size  about  0.05  pm  resulting  in  enhanced  cycling 
performance  [Hwa95].  But  it  needed  the  buffer  layer  as  a barrier  between  LiMn204  film 
and  substrate  at  high  temperature.  Additionally,  for  the  optimum  films,  there  were  very 
complicate  and  uncertain  variables  such  as  total  gas  pressure  of  mixture  of  Ar/02.  the 
ratio  of  Ar  to  02,  annealing  temperature,  annealing  time,  annealing  atmosphere,  and  so  on. 
Thus,  there  must  be  no  unambiguous  condition  for  the  film,  which  exhibits  excellent 
electrochemical  properties.  Striebel  et  al.  reported  that  PLD  grown  LiMn204  yielded  good 
initial  capacity  with  moderate  capacity  fade  but  poor  discharge  rate  capability.  For  1 pm 
film,  the  discharge  capacity  dropped  to  about  50%  of  the  initial  value  as  the  current 
density  increased  10  times  [Str96], 

In  addition  to  vapor-phase  based  coatings,  spin  coating  has  been  widely  used  to 
produce  the  thin-film  lithium  manganese  oxide.  In  spin  coating  method,  the  effects  of 
drying  of  the  solution  coated  on  the  substrate  on  film  properties  are  critical.  If  the 
temperature  is  too  low,  organic  materials  will  remain  even  after  annealing  causing  many 
defects,  which  affect  the  film  properties  [ParOOa,  ParOOb],  Park  et  al.  reported  that  the 
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discharge  capacity  of  the  annealed  films  increased  with  the  drying  temperature.  It  can  be 
inferred  that  as  the  dry  temperature  increases,  the  perfection  of  the  spinel  framework  is 
increased  leading  to  better  ability  for  intercalation/deintercalation  of  Li  ions  per  unit 
volume.  However,  the  rechargeability  of  the  films  dried  at  higher  temperatures  was 
inferior  to  that  of  the  films  dried  at  lower  temperature.  They  proposed  that  small  defects 
such  as  microvoids  and  vacancies  in  the  film  dried  at  lower  temperature  might  offer 
vacant  room  for  a small  flexible  shift  in  the  lattice  during  the  cycle  resulting  in 
suppression  of  stresses  generated  by  intercalation/deintercalation. 

It  is  worth  noting  that  thin-film  LiMn204  grown  by  various  techniques  is  subjected 
to  high  temperature  during  either  deposition  or  annealing  to  gain  high  crystallinity  with 
low  stress  giving  rise  to  a stable  spinel  phase.  However,  processing  at  high  temperatures 
may  exert  the  harmful  effects.  Due  to  the  grain  growth  at  high  temperature,  the  surface 
area  of  the  cathode  contacted  with  the  electrolyte  is  reduced,  inducing  the  higher  cell 
resistance.  The  amount  of  lithium  in  films  is  decreased  at  high  temperature  because  of  its 
high  vapor  pressure.  The  electrochemical  properties  of  lithium  manganese  oxide 
significantly  depends  on  the  lithium,  thereby,  the  deficiency  of  lithium  affects  the 
properties  of  the  Li-ion  batteries.  Diffusion  of  active  species  between  the  film  and 
substrate  at  high  temperature  could  give  rise  to  alternation  of  the  characteristics  of  the 
film  and  substrates.  It  is  impossible  for  substrates,  which  cannot  withstand  given  heat,  to 
be  used  at  high  temperature. 

Oxygen-rich  Spinel  (Lii_fiMn2-2504) 

For  the  spinel  LiMn204  (Lisa  [Mn2]i6d04)  electrochemical  extraction  of  one  lithium 
ion  from  the  tetrahedral  (8a)  sites  occurs  in  two  steps  at  approximately  4 V vs.  Li/Li+ 
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(LiMn204  — * M112O4  (?i-Mn02))  whereas  the  insertion  of  one  lithium  ion  into  the 
octahedral  (16c)  site  occurs  at  approximately  3 V vs.  Li/Li+  (LiMn204  —*■ 

Li2Mn204(LiMn02)).  Although  the  cubic  symmetry  of  the  spinel  structure  is  maintained 
in  the  4 V region,  a cubic-tetragonal  transition  (Jahn-Teller  distortion)  occurs  in  the  3 V 
region  as  the  average  oxidation  state  of  Mn  drops  below  3.5  accompanied  by  16% 
increase  in  da  ratio  and  6%  increase  in  volume.  This  anisotropical  expansion/contraction 
on  cycling  is  too  severe  for  the  electrode  to  maintain  structural  integrity  leading  to  the 
electrical  isolation  on  the  electrode,  consequently,  it  results  in  the  capacity  fade  upon 
electrochemical  cycling.  Thus,  the  Jahn-Teller  distortion  has  limited  the  use  of  spinel 
LiMn204  to  only  4 V region.  However,  in  the  4 V region  the  tetragonal  grains  formed  on 
the  surface  of  the  electrodes  under  non-equilibrium  condition  are  also  believed  to  be  one 
of  the  reasons  for  the  observed  capacity  fade  on  cycling. 

Several  strategies  have  been  pursued  over  the  years  to  overcome  the  difficulties  of 
the  spinel  LiMn204  cathodes.  One  important  strategy  is  to  develop  spinel  manganese 
oxides  with  an  oxidation  state  of  4+  for  manganese.  The  high  oxidation  state  of 
manganese  can  suppress  or  delay  the  occurrence  of  Jahn-Teller  distortion  upon 
intercalation/deintercalation.  With  this  perspective,  the  Li-Mn-0  system  has  been 
investigated  by  several  research  group  trying  to  synthesize  the  defect  (oxygen-rich)  spinel 
lithium  manganese  oxide,  which  can  be  represented  as  Lii.6Mn2.2604  (0  < 5 < 0. 1 1 ).  Kock 
et  al.  reported  the  defect  spinel  Li2Mn409  (8  = 0.11)  was  synthesized  at  400°C  with 
lithium  and  manganese  carbonates  and  confirmed  by  neutron  diffraction  as  a notation  [Li 
0.89I  o.nMMn  i,78no.n]i6d04wherei  represent  vacancies  [Koc90],  The  additional  oxygen 
concentration  which  created  defects  on  the  8a  (tetragonal)  and  16d  (octahedral)  sites  gave 
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(LiMn204  — * Mii204  (A.-Mn02))  whereas  the  insertion  of  one  lithium  ion  into  the 
octahedral  (16c)  site  occurs  at  approximately  3 V vs.  Li/Li+  (LiMn204  -+ 
Li2Mn204(LiMn02)).  Although  the  cubic  symmetry  of  the  spinel  structure  is  maintained 
in  the  4 V region,  a cubic-tetragonal  transition  (Jahn-Teller  distortion)  occurs  in  the  3 V 
region  as  the  average  oxidation  state  of  Mn  drops  below  3.5  accompanied  by  16% 
increase  in  c/a  ratio  and  6%  increase  in  volume.  This  anisotropical  expansion/contraction 
on  cycling  is  too  severe  for  the  electrode  to  maintain  structural  integrity  leading  to  the 
electrical  isolation  on  the  electrode,  consequently,  it  results  in  the  capacity  fade  upon 
electrochemical  cycling.  Thus,  the  Jahn-Teller  distortion  has  limited  the  use  of  spinel 
LiMn204  to  only  4 V region.  However,  in  the  4 V region  the  tetragonal  grains  formed  on 
the  surface  of  the  electrodes  under  non-equilibrium  condition  are  also  believed  to  be  one 
of  the  reasons  for  the  observed  capacity  fade  on  cycling. 

Several  strategies  have  been  pursued  over  the  years  to  overcome  the  difficulties  of 
the  spinel  LiMn204  cathodes.  One  important  strategy  is  to  develop  spinel  manganese 
oxides  with  an  oxidation  state  of  4+  for  manganese.  The  high  oxidation  state  of 
manganese  can  suppress  or  delay  the  occurrence  of  Jahn-Teller  distortion  upon 
intercalation/deintercalation.  With  this  perspective,  the  Li-Mn-0  system  has  been 
investigated  by  several  research  group  trying  to  synthesize  the  defect  (oxygen-rich)  spinel 
lithium  manganese  oxide,  which  can  be  represented  as  Li|.sMn2.2604  (0  < 6 < 0.1 1).  Kock 
et  al.  reported  the  defect  spinel  Li2Mn409  (8  = 0.11)  was  synthesized  at  400°C  with 
lithium  and  manganese  carbonates  and  confirmed  by  neutron  diffraction  as  a notation  [Li 
0.89^0.1  i]8a[Mn  i.7gDo.n]i6d04whereLl  represent  vacancies  [Koc90].  The  additional  oxygen 
concentration  which  created  defects  on  the  8a  (tetragonal)  and  16d  (octahedral)  sites  gave 
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Li2Mn409  a significantly  great  theoretical  electrode  capacity  (2 1 3 mAh/g)  as  discharged 
to  the  rock  salt  composition  Li5Mn409  (3  Li+  per  unit  formula)  at  3 V region.  However, 
extensively  lithiated  Li2+xMn409  sample  for  x>2  (deeply  discharged)  of  which  an  average 
oxidation  state  of  Mn  is  below  3.5  showed  a second  phase  as  similar  process  for 
Lii+xMn204  (0.08<x<l  .0)  inducing  a Jahn-Teller  distortion.  Defect  spinel  (Li2Mn409.6) 
containing  lithium  and  manganese  vacancies  showed  much  better  cyclability  (less 
capacity  fade)  than  that  of  spinel  electrode  at  3 V region  due  to  the  increase  in  the 
average  oxidation  state  of  Mn,  resulting  in  the  suppression  of  the  Jahn-Teller  distortion 
[Mas96].  Also  Li2Mn409.g  with  0.36<8<0.46  showed  a reversible  capacity  of  about  130 
mAh/g  in  the  range  of  2 - 3.8  V with  excellent  cyclability  [ChoOOJ. 

In  addition  to  3 V region,  Xia  et  al.  reported  that  the  optimized  defect  spinels  could 
be  reversibly  cycled  with  excellent  rechargeability  relatively  to  the  spinel  LiMn204  at  4 V 
region  at  the  expense  of  slight  loss  of  capacity  [Xia96c,  Xia97b].  The  semi-quantitative 
Li-O-Mn  phase  diagram  is  shown  in  Figure  2-7  [Xia97b],  The  line  between  LiMn204  and 
Li4Mn50i2  represents  the  Li-rich  spinel  (Lii+8Mn2.804)  in  which  excess  lithium  replace 
manganese  in  the  octahedral  sites  (16d)  while  the  line  between  LiMn204  and  Li2Mn409 
for  the  oxygen-rich  spinel  (Lii_gMn2.2604).  The  dotted-lines  parallel  along  the  xz  line 
represent  the  Li/Mn  ratio  in  the  range  of  0.5  ~0.8  and  those  parallel  along  the  _yz  line 
represent  the  average  oxidation  state  of  Mn  in  the  range  of  3.5  - 4.0.  The  lattice 
parameter  decreases  with  an  increase  in  lithium  and/or  vacancy  contents  because  the  Mn 
ions  are  replaced  by  small  Li"  in  Li-rich  spinel  and  displaced  in  oxygen-rich  spinel.  Since 
the  amount  of  Mn3+  decreases  with  increase  in  Li/Mn  ratio  and/or  vacant  rate,  the 
capacity  decreases  while  the  rechargeability  improves.  They  interpreted  that  the 
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improvement  of  cyclability  in  Li-rich  and  oxygen-rich  spinel  was  attributed  to  the  small 
unit  cell  in  which  a homogenous  insertion/extraction  could  proceed  over  the  entire  region. 
They  proposed  the  optimized  Li-Mn-0  compositions  of  spinel  to  obtain  both  reasonable 
capacity  and  improved  rechargeability  in  the  4 V region  as  shown  the  shade  area  (ABCD) 
in  Figure  2-8  [Xia97b], 

Aluminum-doped  Spinel  (LiAlxMn2-x04) 

As  mentioned  earlier,  the  wide  use  of  spinel  LiMn204  as  a cathode  for  the  Li-ion 
batteries  has  been  restricted  by  its  poor  rechargeability  caused  from  several  possible 
reasons;  (1)  dissolution  of  Mn  into  the  electrolyte  [Cho99,  Bly98,  Kan96,  Rob97,  Xia98], 
(2)  the  onset  of  Jahn-Teller  distortion  [Guo96,  SunOO,  Tha95],  (3)  decomposition 
(oxidation)  of  the  electrolyte  [Jan96,  Xia97a],  and  (4)  structural  instability  of  LiMn204 
[Xia96a,  Xia97a,  Xia98].  Numerous  attempts  have  been  employed  to  improve  its  cycle 
stability.  Among  them  partial  substitution  of  Mn  with  other  metallic  elements  such  as  Co, 
Ni,  and  A1  has  shown  to  be  a very  effective  way  for  improving  the  cycle  performance  of 
LiMn2C>4  [Guo96,  Tar91a,  Woh97],  The  lithium  intercalation  properties  of  LiAlxMn2.x04 
have  been  reported  by  Le  Cras  et  al.  [LeC96],  Since  aluminum  is  light  in  weight, 
abundant  and  relatively  inexpensive,  Al-substituted  manganese  spinel  is  expected  to  be  a 
cathode  material  with  higher  specific  energy,  lower  cost,  and  less  toxicity. 

By  the  neutron  powder  diffraction,  Komaba  et  al.  confirmed  that  Al  was  substituted 
selectively  for  Mn  at  the  16d  sites  in  the  LiAlo.2Mni  804  synthesized  by  the  emulsion 
drying  method  [Kom02],  They  also  reported  that  Li  AlxMn2-x04  exhibited  excellent 
cyclability  with  showing  relatively  higher  discharge  capacity  retention  in  the  range  of  3.4 
~ 4.3  V.  It  was  thought  that  Al-doped  cathode  is  more  stable  than  an  undoped  cathode 
because  the  bonding  of  Al-0  is  much  stronger  than  that  of  Mn-O,  which  is  5 12  kJ/mol  for 
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the  former  and  402  kJ/mol  for  the  latter,  respectively  [Dea92],  This  represents  that 
expansion  and/or  contraction  of  the  spinel  structure  with  intercalation/deintercalation  of 
lithium  ions  may  be  restricted  by  the  A1  substitution,  suggesting  that  the  lattice 
stabilization  should  be  achieved  in  certain  Al-doping  range  (x  = 0.2-0. 3).  They 
concluded  that  the  increased  structural  integrity  and  reduced  strain  during  the  repeated 
intercalation/deintercalation  of  lithium  by  A1  doping  resulted  in  excellent  cyclability  with 
relatively  lower  capacity  fade  at  both  room  temperature  and  45  °C  [MyuOl].  Also,  Hwang 
et  al.  reported  that  Al-doped  LiMn204  cathode  improved  substantially  the  capacity 
retention  of  the  spinel  in  the  4 V region.  They  explained  that  the  enhanced  cyclability  was 
attributed  to  the  two  reasons.  First,  there  may  be  a considerable  decrease  in  the  effect  of 
Jahn-Teller  distortion  when  substituting  a small  amount  of  Al  for  Mn  in  the  spinel 
because  the  concentration  of  Mn3+  which  induces  Jahn-Teller  distortion  in  the  spinel  is 
decreased.  Second,  there  may  be  a reduction  in  spinel  dissolution  [HwaOl], 

Yoshio  and  his  co-workers  reported  that  LiAlxMn2-x04  exhibited  an  excellent 
cyclability  in  the  4 V region  but  the  rapid  capacity  fade  at  3 V region.  They  ascribed  the 
loss  of  capacity  at  3 V region  to  the  prevention  of  complete  lithiation  into  the  structure 
due  to  the  increased  cubic  phase  after  first  few  cycles  [LeeOl], 

Recently,  the  electrochemical  study  of  Al-doped  LiMn204  cathode  films  for 
microbatteries  has  been  reported  [Kim03].  LiAlxMn2.x04  cathode  films  synthesized  by  a 
novel  process  called  Liquid  Source  Misted  Chemical  Deposition  (LSMCD)  exhibited 
more  improved  electrochemical  rechargeability  than  spinel  LiMn204film  in  the  range  of 
3.5  ~ 4.3  V.  They  claimed  that  the  substitution  of  A1J+  for  Mn3+  increased  Mn-0  bonding 
strength  in  the  spinel  framework  and  suppressed  the  two-phase  behavior  of  the 
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unsubstitued  spinel  during  the  intercalation/deintercalation  that  is  known  as  a main  cause 
of  the  capacity  fade  in  the  4 V. 

Synthesis  and  Characterization  of  Thin  Film  Cathode 
Pulsed  Laser  Deposition  (PLD) 

Pulsed  Laser  Deposition  (PLD)  has  been  known  as  one  of  the  most  convenient 
techniques  to  produce  multicomponent  and  multilayered  thin  film  since  it  provides 
conceptual  and  experimental  simplicity.  PLD  has  several  advantages  over  other 
deposition  techniques  such  as  stoichiometric  transfer  of  material,  high  deposition  rate, 
non-equilibrium  processing,  reactive  deposition,  and  simplicity  for  the  growth  of 
multilayered  structures  [Low96,  Sin98],  These  advantages  have  made  the  PLD  to 
fabricate  thin  films  for  high-Tc  superconductors  [Sin98],  dielectrics  [Sri99],  hard  coating 
[Lee98],  and  luminescent  applications  [Cho98,  Jon99], 

Principle  of  excimer  lasers 

Excimer  is  an  acronym  for  EXCIted  diMER,  a rare  gas  dimmer  based  on  the  rare 
gas  halogen.  Excimer  lasers  are  high  pressure  and  pulsed  gas  lasers  that  give  rise  to 
ultraviolet  light  with  a wide  range  of  wavelengths  from  193  nm  to  351  nm.  Energy  is 
pumped  by  avalanche  electric  discharge  excitation  in  a gas  mixture  composing  of  a rare 
gas  (Ar,  Kr,  Xe),  a halogen  gas  (F,  Cl),  and  a buffer  gas  (He.  Ne).  The  pumping  generates 
ionic  and  electrically  excited  species  that  react  chemically  and  produce  excimer 
molecules.  Once  excimer  molecules  are  formed,  they  would  decay  rapidly  emitting 
photons,  which  are  the  excimer  lasers  with  wavelength  in  the  UV  range,  during  the 
transition  from  upper  electronic  state  to  lower  ground  state. 

KrF  is  the  most  popular  excimer  laser  in  the  laser  research  because  it  shows  the 
highest  gain  among  the  electrically  discharged  pumped  excimer  lasers  which  are  the  gas 
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lasers  that  emit  powerful  UV  pulses  lasting  10  to  50  nanoseconds  [Low96],  The  UV 
wavelengths  have  the  highest  absorption  and  lowest  reflectivity  for  most  materials.  The 
primary  reaction  channels  for  KrF  excimer  laser  are  shown  in  Table  2-2. 

Table  2-2.  Primary  reaction  channels  for  KrF  excimer  [E1195].  An  asterisk!*)  represents 


an  electronically  excited  state  of  t 

te  species. 

F2  + e — > F + F 

Electron  Attachment 

Kr  + e'  — > Kr*  + e" 
Kr*  + e"  -»  Kr+  + 2e~ 

2-step  Ionization 

Kr+  + F"  + Ne  ->  KrF*  + Ne 

3-body  Excimer  Formation  Reaction 

KrF*  — > Kr  + F + hv 
KrF*  + hv  — > Kr  + F + 2hv 

Spontaneous  Emission 
Stimulated  Emission  (Laser  Action) 

F + F + Ne  ->  F2  + Ne 

3-body  Recombination  (very  slow) 

F2  + hv  -»  2F 
F~  + hv  — » F + e" 

Photo  Dissociation 
Photo  Detachment 

The  reactions  initiate  from  electron  attachment  to  the  fluorine  molecule,  followed 
by  ionization  of  the  krypton,  excimer  formation,  and  spontaneous  and  stimulated 
emission.  The  absorption  reactions  including  photodissociation  and  photodetachment 
occur.  Figure  2-9  shows  the  electronic  states  in  the  KrF  excimer  laser  emission  [Dul96], 

Basics  of  PLD 

A focused  excimer  laser  beam  is  used  as  an  energy  source  to  induce  the  evaporation 
of  a target  material  to  grow.  When  the  laser  energy  is  absorbed  by  the  target  surface,  it  is 
converted  to  cause  the  evaporation,  ablation,  excitation,  and  plasma  formation  [Che94], 
Evaporates  form  plasma  (or  plume)  consisting  of  a mixture  of  ground-  and  excited-state 
neutral  atoms,  ions,  molecules,  and  electrons.  Since  the  collision  mean  free  path  inside 
the  high-density  plasma  region  (the  Knudsen  layer)  near  the  target  is  very  short,  the 
plasma  rapidly  expands  in  a highly  directional  flow  perpendicular  to  the  target  surface 
with  initial  velocities  greater  than  10b  cm/s  [Low98],  The  substrate  on  which  films  are  to 
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be  grown  is  mounted  in  the  path  of  the  plasma.  Each  laser  pulse  generates  a new  plume 
from  the  target  and  deposits  new  material  on  the  film  surface. 

PLD  shows  several  characteristics  distinguished  from  other  thin  film  deposition 
techniques.  If  appropriate  laser  density,  beam  spot  size,  and  shape  are  selected, 
stoichiometric  transfer  of  material  from  target  to  film  can  occur  in  a finite  range  of 
deposition  angles.  The  stoichiometric  (congruent)  transfer  can  be  achieved  only  if  the 
laser  energy  density  is  high  enough  to  form  laser-generated  plasma.  This  laser-generated 
plasma  causes  erosion  of  target  material  resulting  in  the  stoichiometric  transfer  of  all  of 
the  constituents  of  a complex  and  multielement  material  [Low98], 

Since  there  is  no  electron  beam  or  hot  filaments  in  the  deposition  chamber,  it  is 
possible  to  deposit  films  through  reactive  deposition  in  ambient  gases.  Simple  compound 
films  can  be  obtained  by  reactive  deposition  if  the  proper  ambient  gas  is  introduced  into 
the  chamber.  Also,  collisions  with  ambient  gas  molecules  can  be  used  to  control  the 
ablation  beam  kinetic  energy  that  affects  the  point  defect  concentration  in  the  film. 

Film  growth  by  PLD  is  achieved  within  laser-generated  plasma.  A variety  of 
species  in  the  plume  possesses  kinetic  and  potential  energies  that  can  increase  sticking 
coefficients,  surface  mobilities  of  adatoms,  and  nucleation  due  to  the  high  energy 
chemical  reactions.  Thus,  epitaxial  growth  of  films  can  be  obtained  under  the  appropriate 
experimental  conditions  such  as  substrate  temperature,  laser  energy  density,  and  distance 
between  target  and  substrate.  Also,  growth  of  multilayered  epitaxial  heterostructures  or 
superlattices  in  which  each  layer  can  be  a chemically  complex  material  is  possible 
provided  several  chemically  complex  targets  with  rapid  target  exchangers  are  introduced. 
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Ultraviolet-assisted  PLD  (UVPLD) 

The  use  of  ultraviolet  radiation  has  been  explored  as  a method  of  providing  a more 
reactive  environment  thereby  enabling  lower  temperature  processing  to  be  used.  K.azor  et 
al.  reported  that  the  radiation  from  a low  pressure  mercury  lamp  enhanced  the  low- 
temperature  oxidation  of  Si  by  up  to  a factor  of  50  [Byo93,  Kaz92],  They  also  proposed 
that  the  enhanced  oxidation  was  attributed  to  the  formation  of  oxygen  atoms  and  ozone, 
which  is  known  to  be  stronger  oxidizing  agent  than  molecular  oxygen,  by  the 
photodissociation  of  UV  light.  By  using  this  beneficial  effect  of  UV  radiation  in  situ 
ultraviolet-assisted  pulsed  laser  deposition  (UVPLD)  has  been  used  to  grow  oxide  films 
such  as  ZnO  and  Y2O3  [Cra99a,  Cra99b],  ZnO  films  grown  using  UVPLD  showed  high- 
quality  epitaxial  at  moderate  temperature  and  the  characteristics  of  ZnO  films  by  UVPLD 
at  550°C  was  similar  to  those  for  ZnO  films  by  conventional  PLD  at  750"C  [Cra99a], 
UVPLD  grown  Y203  films  were  more  crystalline  than  PLD  grown  films  at  the  same 
substrate  temperatures  [Cra99b],  Also,  the  films  by  UVPLD  showed  a highly  texturing 
along  (111)  orientation,  which  was  appeared  only  at  higher  substrates  temperature  for 
PLD  grown  films.  Figure  2-10  shows  the  XPS  high  resolution  spectra  of  O Is  region 
from  the  Y203  films  grown  by  UVPLD  (a)  and  PLD  (b)  [Cra99b].  The  O Is  peaks  were 
deconvoluted  into  two  sub-peaks  at  529  eV  and  53 1 .3  eV,  corresponding  to  oxygen 
atoms  bound  to  yttrium  atoms  and  physisorbed  oxygen,  respectively  lDur90,  Ing96],  The 
amount  of  physisorbed  oxygen  in  the  films  by  UVPLD  was  less  than  that  in  the  films  by 
PLD.  They  concluded  that  Y203  films  grown  by  UVPLD  had  a better  overall 
stoichiometry  containing  less  physisobed  oxygen  and  were  more  stable.  Finally,  they 
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claimed  that  the  quality  of  the  films  by  UVPLD  was  similar  to  that  of  films  by  PLD  at 
substrate  temperatures  at  least  200°C  higher. 

The  UV  radiation  in  the  PLD  system  can  dissociate  molecular  oxygen  and  form 
ozone  and  atomic  oxygen,  which  serve  as  more  reactive  gaseous  species.  It  is  therefore 
expected  that  using  in-situ  UV  source  capable  of  dissociating  oxygen  molecules  during 
the  PLD  process,  an  even  more  significant  improvement  in  the  quality  of  the  grown 
layers,  especially  at  low  substrate  temperatures,  could  be  achieved.  It  is  known  that  there 
is  typically  an  oxygen  deficiency  in  the  films  with  respect  to  the  targets  even  though  PLD 
is  an  excellent  technique  for  the  stoichiometric  transfer  of  the  target  material  to  the 
growing  film.  Thus,  the  effort  for  creating  more  reactive  oxygen  species  using  in-situ  UV 
radiation  would  be  more  effective  to  reduce  oxygen  vacancies. 

Electrochemical  Characterizations 
Cyclic  voltammetry  (CV) 

Cyclic  voltammetry  is  the  most  frequently  used  technique  for  acquiring  qualitative 
information  on  electrochemical  reactions.  Essentially,  the  technique  measures  current 
resulting  from  a linearly  changing  voltage  at  given  rate.  The  power  of  cyclic  voltammetry 
results  from  its  capability  of  providing  considerable  information  on  the  thermodynamics 
of  redox  process,  kinetics  of  heterogeneous  electron  transfer  reaction,  and  coupled 
chemical  reactions.  Especially  it  offers  a rapid  location  of  redox  potentials  of  the 
electroactive  species  and  convenient  evaluation  of  the  effect  of  media  upon  the  redox 
process. 

For  a reversible  reduction  (forward  direction)  of  an  oxidized  species  O, 


O + ne'  <->  R 


(2.23) 
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As  the  applied  voltage  approaches  to  the  reversible  potential  for  the  electrode  process,  a 
small  cathodic  current  flows  and  increases  rapidly  but  later  becomes  limited  at  a potential 
slightly  beyond  the  standard  potential  by  the  subsequent  depletion  of  reactants.  As  the 
rate  of  diffusive  transport  of  reactants  at  the  electrode  surface  is  reduced,  the  observed 
current  decrease.  After  traversing  the  potential  region  in  which  the  reduction  process 
takes  place,  the  direction  of  the  potential  sweep  is  reversed.  During  the  reverse  scan,  the 
reduced  species  R are  reoxidized  back  to  O and  an  anode  peaks  results. 

The  cyclic  voltammetry  is  characterized  by  two  current  peaks  (ip)  and  two  potential 
peaks  (Ep).  A reversible,  diffusion-controlled  reaction  such  as  represented  by  Equation 
(2.24)  exhibits  an  approximately  symmetrical  pair  of  current  peaks,  as  shown  in  Figure  2- 
1 1 (a)  [Bro02],  The  current  peak  for  a reversible  process  is  given  by  the  Randles-Sevcik 
equation  [Ran48,  Sev48]: 

Ip  = (2.69  x 1 05)  n3/2ACD1/2  vl/2  (2.24) 

where  n is  the  number  of  electrons  transferred  in  the  reaction,  A is  the  area  of  the 
electrode  in  cm2,  C is  the  concentration  in  mol/cm3,  D is  the  diffusion  coefficient  in  cm2/s, 
and  v is  the  sweep  rate  of  the  potential  in  V/s.  The  separation  between  the  anodic  and 
cathodic  potential  peaks  is  given  by 


AC  2.3  RT 

AEn  = 

p nF 


(2.25) 


Thus,  the  peak  separation  can  be  used  to  determine  the  number  of  electrons  transferred 
and  as  a criterion  for  a Nernstian  behavior.  Both  the  cathodic  and  anodic  potential  peaks 
are  independent  of  the  voltage  sweep  rate. 


For  irreversible  processes  in  which  the  rate  of  transfer  of  electrons  is  very  slow,  a 
single  peak  is  produced  as  shown  in  Figure  2-1 1 (b).  The  potential  peak  is  shifted  with 
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the  voltage  sweep  rate  and  in  case  of  irreversible  charge-transfer  process  for  which  the 
back  reaction  is  negligible. 

For  quasi-reversible  processes,  the  current  is  controlled  by  both  the  charge  transfer 
and  mass  transport.  The  potential  peak  is  dependent  on  the  voltage  sweep  rate  and  the 
separation  in  potential  peaks  is  much  greater  than  that  given  by  Equation  (2.25).  Overall, 
the  voltammogram  of  a quasi-reversible  process  is  more  drawn  out  as  shown  in  Figure  2- 
11(c). 

Chronopotentiometry 

Chronopotentiometry  is  a study  of  voltage  transients  at  an  electrode  upon  which  is 
imposed  a constant  current.  In  this  technique,  a constant  current  is  applied  to  an  electrode, 
and  its  voltage  response  represents  the  change  in  electrode  processes  occurring  at  the 
interface.  For  an  electron  transfer  reaction  (reduction)  as  represented  by  Equation  (2.23), 
the  concentration  of  oxidized  species  O at  the  electrode  surface  is  the  same  in  the  bulk 
solution.  Once  the  constant  reducing  current  has  been  applied.  O is  reduced  to  reduced 
species  R at  the  electrode  surface  in  order  to  support  the  applied  current,  and  the 
concentration  of  O in  the  vicinity  of  the  electrode  surface  therefore  begins  to  decrease. 

This  sets  up  a concentration  gradient  for  O between  the  bulk  solution  and  the  electrode 
surface,  and  the  molecules  of  O diffuse  down  the  concentration  gradient  to  the  electrode 
surface.  The  potential  is  close  to  the  redox  potential  for  O + ne'  R,  and  its  precise 
value  is  dependent  on  the  Nernst  equation  from  which  the  potential  is  a function  of  the 
surface  concentration  of  O and  R.  Since  these  concentrations  vary  with  time,  the  potential 
also  varies  with  time,  which  is  reflected  in  slope  of  the  potential  vs.  time  plot  as  shown  in 
Figure  2-12  [BarOl],  Once  the  surface  concentration  of  O falls  to  zero,  the  applied  current 
can  no  longer  be  supported  by  this  electron  transfer  reaction,  so  the  potential  abruptly 
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changes  to  the  redox  potential  of  another  electron  transfer  reaction.  The  time  required  for 
the  concentration  of  O at  the  electrode  surface  to  reach  to  zero  is  called  the  transition  time 
x.  The  transition  time  for  electroreduction  of  a species  in  the  presence  of  excess 
supporting  electrolyte  was  quantified  by  Sand  [SadOl], 
m ;r1/2nFACD1/2 

^ (2.26) 

where  A is  the  electrode  surface  area,  C is  the  bulk  concentration  of  species  O,  and  D is 
its  diffusion  coefficient.  For  a battery  application,  cyclic  chronopotentiometry  in  which 
the  current  can  be  continuously  reversed  at  each  transition  is  widely  used  to  determine  the 
capacity  of  both  charge  and  discharge  reaction. 

Alternative  current  impedance  (ACI) 

AC  Impedance  (ACI)  spectroscopy  has  been  widely  used  to  determine  several 
electrochemical  parameters  required  to  understand  the  electrochemical  reactions  at  the 
interface  between  the  electrode  and  electrolyte. 

Any  electrochemical  cell  can  be  represented  in  terms  of  an  equivalent  electrical 
circuit  that  comprises  a combination  of  resistance  and  capacitance.  This  circuit  contains 
at  least  three  components,  which  are  the  electrical  double  layer  capacitance  (Cd), 
impedance  of  the  faradic  process  (Zf)  and  the  electrolyte  resistance  (Ru).  Equivalent 
electrical  circuit  of  an  electrochemical  cell,  called  the  Randles  circuit,  for  a simple 
electrode  process  is  shown  in  Figure  2-13  [Bre93],  The  impedance  (Zf)  can  be  subdivided 
into  the  charge  transfer  resistance  (Rct)  and  the  Warburg  impedance  (Zw),  which  measures 
the  difficulty  of  mass  transport  of  the  electroactive  species.  In  real  electrochemical 
systems  the  experimental  impedance  includes  contributions  from  Cd  and  Ru  as  well  as  Zf. 
Since  the  measure  total  impedance  of  the  cell  (Z)  contains  the  real  (Z')  and  imaginary 
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(Z")  components,  the  complex  plane  plot  known  as  a Nyquist  plot  has  been  effectively 
used  to  represents  the  impedance  of  a cell.  A typical  Nyquist  plot  for  an  electrochemical 
system  is  shown  in  Figure  2-14  in  which  regions  of  mass  transfer  and  kinetic  control  are 
found  at  low  and  high  frequencies,  respectively  [Bre93].  The  low  frequency  (co)  limit  is  a 
straight  line  of  unit  slope  corresponding  to  a reaction  controlled  by  sole  by  diffusion  and 
the  impedance  is  the  Warburg  impedance.  At  high  frequency  limit,  the  control  is  purely 
kinetic  and  the  Warburg  impedance  is  negligible  due  to  the  very  large  Rci.  This  region 
can  be  expressed  in  the  equation  of  a circle  radius  Rct/2  with  intercepts  on  the  Z'  axis  of 
Rn  (oo  — » co)  and  of  Rq  + Rct  (co  — > oo). 

y 

(2.27) 

Figure  2-14  shows  the  semi-circle,  the  straight  line,  and  a transition  region  between 
the  two.  For  different  system,  it  can  happen  that  only  the  semi-circle  or  only  the  straight 
line  is  observed  because  of  the  relative  values  of  the  components  Rcl,  Zw,  and  C<j.  When 
an  electrode  process  involves  several  steps,  sometimes  a succession  of  semi-circle  side  by 
side  is  obtained,  corresponding  to  RC  parallel  combination  in  series  and  different  time 
constants,  from  which  it  is  possible  to  deduce  the  corresponding  parameters. 
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Electron  flow 


(a) 


(b) 


Figure  2-1.  Electrochemical  operation  of  a cell:  (a)  Discharge  and  (b)  Charge  [Lin02], 
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Figure2-2.  Schematic  of  the  electrochemical  process  in  a Li-ion  battery  [Ehr02]. 
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Figure  2-3.  Schematic  of  a unit  cell  structure  of  the  spinel  LiMn204  [Goo98], 


41 


Figure  2-4.  Variation  of  voltage  as  a function  of  x in  Li|+xMn204  and  Li|.xMn204  in 
Li/LiMn204  cell  [Goo02], 
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Figure  2-5.  Jahn-Teller  distortion  of  the  d4  electron  configuration  for  LiMn204  [BjO02], 
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Figure  2-6.  Schematic  cross  section  of  a thin  film  Li-ion  battery  [TFB01], 
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Figure  2-7.  Li-Mn-0  spinel  phase  diagram  [Xia97b]. 
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Figure  2-8.  Three-dimensional  diagram  of  capacity-rechargeability-chemical  composition 
for  each  compound  on  the  LiM^O^LuMmOn-LbMrLtOy  plane  [Xia97b], 
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Figure  2-9.  Electronic  states  in  excimer  emission  [Dul96], 
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Figure  2-10.  XPS  high  resolution  of  O Is  region  acquired  from  Y2O3  thin  film:  (a) 
UVPLD  and  (b)  PLD  at  different  temperature  [Cra99b], 
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Figure  2-11.  Cyclic  voltammograms  of  (a)  reversible  process,  (b)  irreversible  process, 
and  (c)  quasi-reversible  process  [Bro02J. 
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Figure  2-12.  Constant  current  chronopotentiometry  [BarOl], 
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Figure  2-13.  Equivalent  electrical  circuit  of  an  electrochemical  cell  for  a simple  electrode 
process  [Bre93], 
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Figure  2-14.  A typical  Nyquist  plot  of  a simple  electrochemical  process  [Bre93], 


CHAPTER  3 

EXPERIMENTAL  PROCEDURE 

Synthesis  of  Thin  Film  Cathodes 

Target  Preparation 

Spinel  LiMn204  power  was  obtained  by  the  solid-state  reaction.  A mixture  of 
lithium  carbonate  (Li2C03,  Alfa  Aesar,  99.999%)  and  manganese  dioxide  (Mn02,  Alfa 
Aesar,  99.9%)  with  a 1 :4  molar  ratio  was  immersed  in  acetone  and  ball-milled  with 
zirconia  media  for  1 day.  The  suspension  was  dried  at  80°C  for  24  hours  and  sintered  at 
800°C  for  12  hours  in  air.  The  heating  and  cooling  rates  were  lCfC/min.  The  powder  was 
grinded  well  in  the  mortar.  The  as-prepared  LiMn204  powder  of  10  g was  first  uniaxially 
pressed  with  a pressure  of  5000  psi  resulting  in  a disk  with  diameter  of  1 .25  inch  and 
thickness  of  0.25  inch.  This  fragile  pellet  was  isostatically  pressed  with  150  MPa  for  10 
min.  The  pressed  pellet  was  sintered  at  800°C  for  24  hours  in  air.  The  heating  and  cooling 
rates  were  1 0°C/min. 

LiAlxMn2-x04  (x=  0.1,  0.2,  0.3)  powder  was  synthesized  by  the  melt-impregnation 
method  [LeeOl],  A mixture  of  Li2C03,  Mn02,  and  A1(N03)3-9H20  (Alfa  Aesar, 

99.999%)  with  appropriate  ratios  was  immersed  in  acetone  and  ball-milled  with  zirconia 
media  for  1 day.  The  suspension  was  dried  at  80°C  for  24  hours  and  calcinated  at  540°C 
for  5 hours  and  sintered  at  800°C  for  12  hours  in  air.  The  heating  and  cooling  rates  were 
10°C/min.  The  method  of  fabrication  of  targets  was  the  same  as  that  for  the  LiMn204 
target. 
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Thin  Film  Deposition  Process 

A Lambda  Physik  LPX  305  i KrF  excimer  laser  was  used  for  all  laser  ablation 
portions  of  the  experimentation.  The  pulsed  248  nm  UV  radiation  generated  by  KrF 
excimer  laser  was  directed  through  an  aperture  and  a couple  of  lenses  until  it  finally 
impinged  on  the  target.  The  laser  beam  was  first  filtered  by  a 1 x 2 cm  aperture  and 
traversed  a collimation  lens  in  order  to  keep  the  radiation  from  diverging  due  to  the 
scattering  as  it  passed  through  the  ambient  air.  Immediately  after  the  collimating  lens,  the 
beam  was  focused  by  a focal  lens  with  a focal  length  of  25  cm.  Finally,  the  focused  laser 
beam  impinged  a target  inside  vacuum  chamber  through  the  UV  transmitted  glass.  All 
samples  were  grown  in  this  laser  and  optical  setup. 

A base  pressure  of  a vacuum  chamber  ranging  from  4 x 1 O'6  to  1 x 1 O'5  torr  was 
obtained  with  the  help  of  a turbomolecular  pump  (Pfeiffer  TMU  1 70).  Once  the  pressure 
was  reached  at  the  base  value  the  substrate  was  heated  at  a given  ramp  rate  in  the  range  of 
5 ~ 8°C/min.  The  substrate  temperature  was  varied  from  300  to  700°C.  The  target  was 
rotated  at  a rate  of  10  ~ 15  rpm  to  avoid  damaging  the  target.  The  energy  used  was  500 
mJ  corresponding  to  the  energy  density  of  1 .5  J/cm2  with  the  given  beam  size  on  the 
target.  The  pulse  repetition  rate  was  5 Hz  and  the  distance  between  substrate  and  target 
was  constant  at  4 cm.  Stainless  steel  mesh  (Spectrum  Co,  30%  open  area)  and  silicon 
wafer  were  used  as  the  substrates  for  electrochemical  and  other  characterizations, 
respectively.  Thin  films  were  grown  in  the  oxygen  atmosphere  of  pressure  of  500  mtorr. 
For  an  ultraviolet-assisted  PLD  (UVPLD)  a couple  of  low  pressure  Hg  lamps  have  been 
added  to  the  conventional  PLD  setup  to  convert  it  into  a UVPLD  apparatus  as  shown  in 
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Figure  3-1.  The  thickness  of  films  grown  in  this  experiment  was  measured  using  a-step 
profilometer. 

Characterizations  of  Thin  Film  Cathodes 
X-ray  Diffraction  (XRD) 

X-ray  diffractometer  (Philips  APD  3720)  was  used  to  analyze  structural  change  and 
crystalline  phases  of  thin  film  cathodes.  The  diffracted  beams  from  the  crystalline  phases 
that  satisfy  the  Bragg’s  law  were  measured  as  a function  of  the  diffraction  angle  and  the 
specimen’s  orientations.  X-ray  diffraction  data  were  obtained  at  40  kV  and  20  mA  using 
CuKa  (k  = 1 .54  A)  radiation  in  29/0  mode.  X-ray  continuous  scan  was  performed  in  the 
range  of  10°  to  70°  with  a step  size  of  0.03°  and  1 second  integration  time  per  step. 
Scanning  Electron  Microscopy  (SEM) 

SEM  (JOEL  6335F)  was  used  to  examine  the  surface  morphology  of  the  thin  film 
cathodes.  A conductive  carbon  coating  was  applied  on  the  thin  films  to  decrease  the 
surface  charging  for  better  images.  SEM  was  operated  at  15  to  20  kV  with  working 
distance  of  1 5 mm.  A focused  electron  beam  was  scanned  over  the  specimen  and 
resulting  secondary  electrons  were  detected  in  terms  of  the  contrast  due  to  the 
dependence  of  the  electron  yield  on  the  topography.  The  magnification  of  images 
obtained  from  thin  films  was  about  x 10000  through  x30000. 

X-ray  Photoelectron  Spectroscopy  (XPS) 

XPS  (Perkin-Elmer  PHI  5100  ESCA)  was  used  to  obtain  elemental  compositional 
details  from  the  surface  of  thin  film  cathodes.  This  technique  is  clearly  one  of  the  most 
broadly  applicable  general  surface  analysis  techniques  due  to  its  high  surface  sensitivity 
and  quantitative  chemical  state  analysis  capabilities.  In  the  XPS  process,  high  energy 
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photons  (X-ray)  can  ionize  atoms  to  produce  free  electrons  known  as  photoelectrons. 

The  kinetic  energy  {KE)  of  the  electron  depends  on  the  energy  of  the  photon  by 
Einstein’s  photoelectric  law: 

KE  = hu  - BE  (3-1) 

where  ho  is  the  energy  of  the  incident  photon  and  BE  is  the  binding  energy.  In  this 
equation,  hu  is  known,  KE  is  measured,  and  BE  is  therefore  the  determined  output. 

X-ray  source  was  monochromatized  Mg  Ka  with  energy  of  1253.6  eV.  Survey 
scans  were  performed  with  an  analyzer  pass  energy  89.45  eV  and  binding  energy  range 
from  0 to  1000  eV.  High  resolution  scans  (multiplex)  were  conducted  at  each  element 
such  as  C Is,  O Is,  and  Mn  2p  for  LiMn204  films  and  A1  2p  as  well  for  A1  doped  films. 
All  measurements  were  conducted  before  and  after  sputtering  with  Ag  ion  gun  for  5 min. 
The  binding  energy  was  calibrated  using  a reference  binding  energy  of  C Is  peak  at  284.6 
eV.  The  relative  atomic  concentration  of  each  element  in  the  films  was  determined  with 
sensitivity  factors  for  integrated  peak  area. 

Transmission  Electron  Microscopy  (TEM) 

TEM  (JOEL  200CX)  was  used  to  study  the  crystal  structure  and  orientation  of  the 
thin  film  cathodes.  TEM  was  operated  with  voltage  at  200  kV  ( X = 0.0025 1 nm).  Films 
grown  on  silicon  wafer  were  prepared  by  mechanical  grinding,  polishing,  and  grinding 
followed  by  Ar  ion  milling  using  ion  miller  (Gatan  600). 

Electrochemical  Measurements 

The  electrochemical  measurements  were  conducted  inside  glove  box  filled  with 
argon  as  an  inert  gas.  The  oxygen  and  moisture  inside  box  was  thoroughly  controlled  to 
maintain  the  values  below  a few  ppm.  The  electrochemical  cell  was  composed  of  a 
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working  electrode  (thin  film  cathode),  a counter  electrode,  and  a reference  electrode,  both 
of  which  were  Li  metals.  The  electrolyte  consisted  of  1 M LiPF6  in  the  solution  of 
mixture  of  ethylene  carbonate  and  dimethyl  carbonate  (1:1  volume  ratio).  A schematic  of 
the  electrochemical  cell  used  is  shown  in  Figure  3-2.  A thin  film  cathode  was  put  in  the 
bottom  of  the  assembly  and  then  a separator  was  inserted  on  the  top  of  cathode.  A few 
drops  of  electrolyte  were  added  on  the  separator  and  Li  anode  was  brought  on  it.  Four 
screws  were  tightened  to  seal  the  whole  assembly.  Electrochemical  workstation  (CHI 
600)  was  used  to  conduct  the  electrochemical  measurements  such  as  cyclic  voltammetry, 
chronopotentiometry,  and  AC  impedance. 

Once  a cell  was  assembled,  the  electrochemical  measurement  was  initiated  after  1 
hr  for  the  stabilization.  At  first  the  alternative  current  impedance  (ACI)  was  measured  at 
the  open  circuit  voltage  (OCV)  with  voltage  amplitude  of  5 mV  in  the  frequency  range  of 
1 to  10?  Hz.  Then  the  cyclic  voltammetries  (CVs)  at  various  scan  rates  ranging  of  0.1  ~ 

1.6  mV/s  were  measured  between  2.5  ~ 3.5  V for  3 V measurement  (2.5  ~ 4.5  V for  both 
3 and  4 V measurements).  The  reversibility  and  capacity  in  the  voltage  range  was 
determined  from  the  CV  date.  In  addition,  the  diffusion  coefficients  of  lithium  ions  in 
both  oxidation  (charge)  and  reduction  (discharge)  were  determined  by  the  CV.  The  cycle 
measurement  was  performed  with  the  chronopotentiometry  in  the  rage  of  2.5  ~ 3.5  V for 
3 V (2.5  ~ 4.5  V for  both  3 and  4 V)  at  the  rate  of  1 C for  both  charge  and  discharge.  The 
1 C rate  was  estimated  by  the  thickness  and  area  of  the  cathode  films  with  the  assumed 
capacity  and  density  that  were  120  mAh/g  and  4.2  g/cnT.  respectively.  The  first  cycle 
was  initiated  after  the  cell  was  discharged  to  the  2.5  V for  3 V measurement.  ACI  was 
measured  after  50th  cycle  to  compare  it  with  the  previous  one.  The  resistance  and 
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capacitance  related  to  the  cell  was  determined  from  the  ACI  data  through  the 
corresponding  equivalent  circuits.  After  50th  cycle,  the  cell  was  cycled  at  different 
discharge  rates  corresponding  to  3,  5,  7,  and  10  C rates  to  determine  the  rate  capability  of 
the  cell.  Further  cycling  behaviors  of  the  cells  have  measured  for  next  50  or  1 50  cycles. 
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Figure  3-1.  Schematic  of  UVPLD  system. 
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Figure  3-2.  Schematic  of  the  electrochemical  cell  used. 


CHAPTER  4 

EFFECT  OF  TEMPERATURE  ON  THE  ELECTROCHEMICAL  CHARACTERISTICS 
OF  LITHIUM  MANGANESE  OXIDE  THIN  FILM  CATHODES 

Introduction 

Crystallinity,  microstructure,  and  composition  of  the  lithium  manganese  oxide  play 
a critical  role  in  the  electrochemical  properties  of  the  Li-ion  battery  systems.  One  of  the 
factors  that  affect  the  crystallinity  and  microstructure  of  the  thin-film  is  a temperature  at 
which  the  thin-films  are  grown  and/or  annealed.  In  the  viewpoint  of  capacity  fade  on 
cycling  due  to  the  dissolution  of  Mn,  the  surface  area  of  the  active  electrode  material 
contacted  with  the  electrolyte  should  be  minimized  to  reduce  the  amount  of  dissolved  Mn. 
However,  the  larger  surface  area  (small  grain  size)  is  preferred  for  the  high  capacity  and 
fast  rate  capability  related  to  the  diffusion  (and/or  transport)  of  lithium  ions  in  the 
electrolyte,  at  the  surface,  and  in  the  electrode.  In  addition,  crystallinity  is  of  important 
effect  on  the  diffusion  of  Li"  and  strains  generated  on  cycling.  Thus,  in  this  chapter  we 
examined  the  effect  of  temperature  at  which  the  thin  films  were  grown  on  the 
electrochemical  properties  of  lithium  manganese  oxide  cathodes. 

Experimental 

Various  substrate  temperatures  ranging  from  300  C to  700°C  were  applied  to  grow 
LiMn204  thin  films  in  order  to  determine  an  optimum  growth  temperature  of  the  cathodes 
for  the  best  electrochemical  properties.  The  conventional  PLD  technique  was  utilized  to 
grow  LiMn204  thin  films  in  the  vacuum  chamber  filled  with  oxygen  gas  of  500  mtorr. 
There  were  two  substrates  used  in  this  experiment;  one  was  Si  wafer  with  (100)  for  the 
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thickness  measurement  and  structural  characterizations,  and  the  other  was  stainless  steel 
mesh  (Spectrum  Lab.  Co.)  with  30%  of  open  area  for  the  electrochemical  measurements. 
Thickness  of  the  films  grown  in  this  experiment  was  measured  to  be  5000  ~ 6000  A in  a- 
step  surface  profilometer.  Structural  characterization  techniques  such  as  XRD,  SEM. 
XPS,  and  TEM  were  performed  to  analyze  the  characteristics  of  the  thin  film  cathode. 

In  order  to  investigate  the  effect  of  substrate  temperature  of  growing  LiMn204 
films  on  the  electrochemical  properties,  the  3 V region  in  the  range  of  2.5  ~ 3.5  V and  3 
and  4 V region  in  the  range  of  2.5  ~ 4.5  V have  been  used.  After  assembling  the  cell  with 
Li  metal  as  an  anode  and  a reference  electrode  in  Ar  filled  glove  box,  the  cell  was  relaxed 
for  1 hour  and  stabilized  to  reach  its  equilibrium  state.  Firstly  AC  impedance  was 
measured  with  an  open-circuit  voltage  of  the  cell  with  given  frequency  range  and 
amplitude.  In  this  AC  impedance  measurement,  5 mV  and  1 ~ lCf  Hz  were  used  as  the 
amplitude  and  frequency  range,  respectively.  Cyclic  voltammograms  were  measured  at 
sweep  rates  of  0.1,  0.4,  0.9,  and  1 .6  mV/s  for  3 V region  with  an  initial  cathodic  scan  and 
3 and  4 V regions  with  an  initial  anodic  scan.  The  charge/discharge  process 
(chronopotentiometry)  was  followed  in  the  range  of  2.5  ~ 3.5  V and  2.5  ~ 4.5  V for  3 V 
and  3 and  4 V regions,  respectively.  Continuous  charge/discharge  cycling  was  conducted 
at  current  density  of  1 C rate,  which  is  different  from  one  another  for  all  cathode  films  in 
terms  of  the  measured  thickness.  In  3 V region  50.4  p Ah/cm2- pm  was  used  the  1 C rate 
based  on  the  fact  that  4.2  g/cm3  (95%  of  reported  value)  and  120  mAh/g  (81%  of 
theoretical  discharge  capacity)  were  assumed  as  the  density  and  discharge  capacity  of 
LiMn204  thin  film.  The  doubled  1 C rate  was  used  for  the  3 and  4 V regions.  Just  after 
50th  cycle,  various  current  densities  have  been  applied  to  charge/discharge  cell  to  study 
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the  rate  capability  of  the  thin  film  cathode.  The  current  density  of  3,  5,  7,  and  10  C rates 
has  been  chosen  to  conduct  for  the  rate  capability  study.  After  50th  and  1 00lh  cycle,  AC 
impedance  was  again  measured  with  an  open-circuit  voltage  of  the  cell. 

Results  and  Discussion 

Structural  Characterizations 

Figure  4-1  shows  the  X-ray  diffraction  of  LiMn204  films  grown  on  stainless  steel 
mesh  at  different  substrate  temperatures  with  oxygen  atmosphere  of  500  mtorr.  Even 
though  the  diffraction  peaks  were  very  wide  and  exhibited  low  intensity  for  the  films 
grown  at  low  temperature,  all  reflections  can  be  assigned  to  the  Bragg  positions  for  the 
LiMn204  spinel  phase.  Especially,  the  peaks  from  the  films  grown  at  higher  than  600°C 
were  clearly  identified  as  the  cubic  spinel  phase  having  a space  group  Fd3m.  The  letter  S 
in  Figure  4-1  represents  the  stainless  steel  substrate  used.  The  height  and  width  of  each 
peak  became  taller  and  narrower  with  increasing  substrate  temperature,  indicating  that  the 
crystallinity  and  grain  size  of  the  films  were  increased  with  increasing  temperature.  For 
example,  the  full  width  half  maximum  (FWHM)  of  (1 1 1)  peak  from  the  film  grown  at 
300°C  was  measured  to  be  0.72°  while  that  of  the  same  peak  from  the  film  grown  at 
700  C was  measured  to  be  0.18°.  The  broadening  of  diffraction  peaks  at  high  scattering 
angles  for  the  films  grown  at  lower  temperatures  may  be  indicative  of  the  residual  strain 
in  the  structure  caused  by  inhomogeneities,  cation  or  anion  non-stoichiometry,  and  grain 
boundary  effect  [Pat92], 

Figure  4-2  shows  that  the  lattice  constants  were  increased  with  increasing  substrate 
temperature  from  8.156  A to  8.229  A for  the  film  grown  at  300°C  and  700°C, 
respectively.  The  increase  in  lattice  constant  of  LiMn204  with  temperature  is  in 


63 


agreement  with  the  previous  literatures  [ChuOl,  NagOO],  The  lattice  constant  of  the  film 
grown  at  700°C  was  slightly  smaller  than  8.247  A,  which  has  been  reported  as  a lattice 
constant  of  cubic  spinel  LiMn204  [Cho99],  As  mentioned  in  the  chapter  2,  in  LiMn204 
MnJ+  and  Mn4+  occupy  the  half  of  total  32  octahedral  sites  in  the  spinel.  The  ionic  radius 
of  Mn  is  dependent  on  the  oxidation  state  of  manganese  ion.  The  ionic  radius  of  Mn4+  is 
0.53  A whereas  that  of  Mn3+  is  0.58  A in  the  low  spin  state  and  0.645  A in  high  spin 
state  [Sha69],  The  increase  of  the  lattice  constant  with  temperature  can  be  ascribed  to  the 
transition  of  manganese  ion  from  Mn4+  to  Mn3+  in  the  high  spin  state.  Chung  et  al. 
confirmed  that  the  oxidation  state  of  transition  Mn  ion  was  changed  with  temperature 
showing  the  increase  of  the  amount  of  Mn3+  in  high  spin  state  with  temperature  [ChuOl], 
Also  Figure  4-2  shows  the  FWHM  of  (1 1 1)  from  films  grown  at  different  substrate 
temperatures  was  decreased  with  increasing  temperature  indicating  the  increase  of 
crystallinity  with  temperature. 

Figure  4-3  shows  the  SEM  micrographs  of  pulsed  laser  deposited  LiMn?04  films 
grown  onto  stainless  steel  mesh  in  oxygen  partial  pressure  P(02)=  500  mtorr  at  (a)  400°C, 
(b)  500°C,  and  (c)  700°C.  The  film  grown  at  400°C  has  a relatively  smooth  and  dense 
surface  with  small  grains  of  fairly  homogenous  size  in  the  range  of  1 00  nm  in  length  and 
50  nm  in  width  (Figure  4-3  (a)).  SEM  revealed  that  the  grain  size  of  the  films  was 
increased  with  increasing  substrate  temperature.  Figure  4-3  (c)  shows  several 
agglomerated  grains  with  size  of  450-500  nm  in  the  film  grown  at  700°C  due  to  the  grain 
growth  at  high  temperature. 

TEM  was  used  to  confirm  the  crystal  structure  of  the  films  as  shown  in  Figure  4-4 
for  the  LiMn204  film  grown  at  500°C.  The  bright  field  image  of  the  film  is  almost 
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identical  to  the  morphology  observed  by  SEM  in  which  there  are  elongated  grains  in  size 
of  80  ~ 150  nm.  Selected  area  electron  diffraction  was  included  in  the  Figure  4-4  (a) 
showing  that  a typical  ring  pattern,  which  was  identified  as  a randomly  oriented 
polycrystalline  LiMn204.  Energy  Dispersive  X-ray  Spectroscopy  (EDX)  of  the  films  also 
is  shown  in  Figure  4-4  (b).  The  characteristic  X-rays  of  manganese  and  oxygen 
accompanied  with  carbon  and  silicon  from  wafer  are  shown  on  the  spectrum.  It  is  worthy 
noting  that  there  was  no  Li  characteristic  X-ray  due  to  the  detection  limit. 

XPS  was  conducted  to  study  the  chemical  composition  and  bonding  nature  of  the 
lithium  manganese  oxide  films.  A typical  XPS  spectrum  from  a LiMn204  film  grown  at 
300°C  is  shown  in  Figure  4-5.  The  peak  of  Li  Is  core  level  has  a binding  energy  of  53.5 
eV  while  the  peak  of  O Is  core  level  has  a binding  energy  of  530.4  eV.  The  separation 
between  Mn  2p3/2  and  Mn  2pi/2  was  1 1 .6  eV  which  is  in  a good  agreement  with  the 
literature  values  [Chi99,  Mou92].  The  high  resolution  of  each  peak  was  used  to  determine 
the  relative  composition  of  constituents.  However,  it  should  be  noted  that  the  composition 
of  Li  in  the  films  was  not  obtained  because  the  overlapping  of  Li  Is  peak  with  Mn  3p 
peak,  which  is  located  at  49.5  eV,  might  lead  to  considerable  error  in  lithium  composition 
determination.  Figure  4-6  shows  the  high  resolution  of  Mn  2p  peaks  of  lithium 
manganese  oxide  films  grown  at  300°C,  500°C,  and  700°C.  The  Mn  2p3/2  peak  was 
deconvolved  with  three  Gaussian  peaks,  which  are  shown  as  letter  A.  B.  and  C in  Figure 
4-6.  The  peaks  at  641  ~ 641.3  eV  and  642.2  ~ 642.8  eV  can  be  assigned  to  Mn’  and 
Mn4+,  respectively  [DiC89,  Eri02].  The  peaks  at  644.4  ~ 645  eV  may  represent  either  a 
higher  oxidation  state  of  manganese  or  peak  related  to  impurities.  By  comparing  the  ratio 
of  Mn3+  to  Mn4+,  the  average  oxidation  state  of  Mn  was  determined.  As  the  substrate 
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temperature  was  increased  the  amount  of  Mn3+  was  also  increased,  which  is  in  a good 
accordance  with  the  results  obtained  in  the  lattice  constant  measurement.  The  calculated 
average  oxidation  state  of  manganese  in  the  films  was  decreased  with  increasing 
temperature  from  3.523  ± 0.015  to  3.495  ± 0.023.  Also,  the  relative  atomic  ratio  of  O/Mn 
was  decreased  with  increasing  temperature.  The  high  value  of  O/Mn  for  film  grown  at 
low  temperature  may  result  from  the  phase  with  oxygen  rich  (LiMn204+6)  and/or  cation 
deficiency  (Li1.6Mn2.25O4)  of  which  the  oxidation  state  of  Mn  would  be  larger  than  +3.5 
of  a stoichiometric  spinel  LiMn204.  The  loss  of  oxygen  in  the  films  grown  at  high 
temperature  has  been  reported  by  other  research  groups  [Liu97,  Mor98.  Sin02], 
Electrochemical  Characteristics 
Cyclic  voltammetry  of  2.5  ~ 3.5  V region 

Cyclic  voltammetry  can  yield  thermodynamics  as  well  as  kinetic  information. 
Figure  4-7  (a)  displays  cyclic  voltammogram  for  0.6  pm  LiMn204  thin  film  grown  at 
300°C  in  500  mtorr  of  oxygen  between  2.5  and  3.5  V at  various  sweep  rates  of  0.1  ~ 1.6 
mV/s.  The  3 V process  is  characterized  by  a peak  at  2.8  V on  discharge  and  a peak  at  3.1 
V on  charge.  The  peak  on  discharge  corresponds  to  the  intercalation  of  lithium  into 
LiMn204  to  become  L^Mi^C^  with  a reduction  of  the  average  oxidation  state  of 
manganese.  When  lithium  is  inserted  into  the  spinel  LiMn204  to  form  Li2Mn204,  it 
causes  a first  order  transition  to  a rock  salt  phase  Li2Mn204  during  which  the 
tetrahedrally  (8a)  coordinated  lithium  ions  are  cooperatively  displaced  into  the  octahedral 
sites  (16c).  The  peak  on  charge  is  related  to  the  Li2Mn204  -»  LiMn204  reaction  during 
which  the  lithium  is  extracted  from  the  octahedral  sites  of  the  rock  salt  phase  to  leave  a 
spinel  phase. 
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The  shape  of  the  voltammogram  is  strongly  dependent  upon  the  sweep  rate.  An 
increase  in  sweep  rate  is  correlated  with  a progressive  shift  of  the  anodic  peaks  to  higher 
potential  as  well  as  increase  in  height.  On  the  contrary,  the  cathodic  peaks  are  shifted  to 
lower  potential  and  their  height  is  increased  as  the  sweep  rate  is  increased.  It  also  should 
be  noted  that  the  separation  (AEP)  between  anodic  (Epa)  and  cathodic  potential  peak  (Epc) 
becomes  wider  with  increasing  the  sweep  rate,  indicating  that  the  reversibility  of  the 
charge/discharge  reaction  is  decreased.  The  data  are  presented  as  psudocapacitances,  i.e., 
current  density  divided  by  sweep  rate,  to  more  clearly  indicate  the  change  in  shape  with 
sweep  rate  in  Figure  4-7  (b).  The  lithium  intercalation/deintercalation  process  is  slowed 
down  as  the  sweep  rate  gets  higher  because  only  surface  film  participates  for  high  sweep 
rates  whereas  a low  sweep  rate  permits  cycling  in  the  bulk  of  the  film.  It  is  evident  that 
the  highest  psudocapacitance  was  obtained  at  the  lowest  sweep  rate  as  shown  in  Figure  4- 
7(b). 

Figure  4-8  shows  the  cyclic  voltammograms  obtained  from  the  LiMn204  thin  films 
grown  at  300  ~ 700°C  in  500  mtorr  of  oxygen  between  2.5  and  3.5  V at  sweep  rates  of 
0. 1 mV/s.  Of  important  features  from  the  CVs  are  the  current  peaks  (Ipa  & Ipc)  and  the 
separation  (AEP)  between  potential  peaks  (Epa  & Epc)  on  both  charge  and  discharge.  Both 
anodic  and  cathodic  current  peaks  were  increased  with  increasing  temperature  up  to 
500°C  and  then  significantly  decreased  at  higher  temperatures.  Even  though  the 
integrated  capacity  from  the  area  below  the  current  peak  can  be  estimated,  it  is  not 
reasonable  to  compare  the  relative  capacities  of  all  thin  film  cathodes  from  only  these 
cyclic  voltammograms  due  to  the  difference  in  amount  of  involved  active  material. 
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Anodic  potential  peaks  were  slightly  shifted  to  the  higher  potential  as  the  substrate 
temperature  was  increased  from  300°C  to  500°C.  Then  those  of  films  grown  at  600°C  and 
700°C  were  significantly  moved  toward  higher  potential.  For  cathodic  potential  peaks  the 
same  shift  behavior  as  anodic  peaks  was  taken  place  but  to  the  lower  potential. 
Accordingly,  the  separation  between  anodic  and  cathodic  potential  peak  became  wider  as 
the  substrate  temperature  was  increased.  The  potential  separation  between  anodic  and 
cathodic  peaks  is  theoretically  59/n  mV  where  n is  the  number  of  electrons  transferred  for 
an  ideally  reversible  reaction  in  which  the  electron  transfer  is  relatively  fast  compared  to 
that  of  mass  transport.  The  potential  peak  separation  of  all  samples  shown  in  Figure  4-8 
was  larger  than  the  theoretical  value  and  increased  with  increasing  temperature.  For 
example,  the  potential  peak  separations  measured  at  sweep  rate  of  0.1  mV/s  were  152  mV 
and  609  mV  for  the  cell  with  thin  film  cathode  grown  at  300°C  and  700°C,  respectively. 
Since  larger  separation  between  two  potential  peaks  is  an  indication  of  a nonreversible 
reaction,  the  cell  with  LiMn204  thin  film  cathode  grown  at  700°C  showed  the  least 
reversible  electrochemical  reaction  among  the  cells  with  thin  film  cathodes  grown.  Also, 
it  is  reasonable  to  note  that  the  charge  transfer  occurring  at  the  surface  of  thin  film 
cathode  becomes  slow  and  a predominant  step,  which  determines  the  rate  of  whole 
reaction,  for  the  thin  film  cathode  grown  at  high  temperature  especially  at  600°C  and 
700°C.  The  amount  of  electrons  transferred  on  the  thin  film  cathode  grown  at  higher 
temperature  might  be  significantly  low  compared  to  that  of  the  thin  film  cathode  grown  at 
lower  temperature  because  of  the  slow  charge  transfer  rate.  The  measured  resistance  to 
the  charge  transfer  at  the  interface  between  the  thin  film  cathode  and  the  electrolyte  is 


68 


shown  and  discussed  in  the  following  section  in  which  the  alternative  current  (AC) 
impedances  are  represented. 

One  of  the  advantages  in  the  study  of  cyclic  voltammetry  is  the  ability  to  measure 
the  diffusion  coefficient  of  electrochemically  active  species.  In  this  study,  the  cyclic 
voltammetry  technique  was  used  to  determine  the  diffusion  coefficient  of  lithium  in  the 
Li-Mn-0  thin  film  cathodes.  For  a reversible  system,  the  current  peak  is  defined  by  the 
Randles-Sevcik  equation  [Ran48,  Sev48]: 

Ip  = (2.69  x 105)  n3/2ACDl/2  vl/2  (4.1) 

where  n is  the  number  of  electrons  transferred  in  the  reaction,  A is  the  area  of  the 
electrode  in  cm2,  C is  the  concentration  in  mol/cm3,  D is  the  diffusion  coefficient  in  cm2/s, 
and  v is  the  sweep  rate  of  the  potential  in  V/s.  According  to  the  Randles-Sevcik  equation, 
Ip  is  proportional  to  vl/2  and  a plot  of  Ip  versus  vl/2  should  be  a straight  line  for  a reversible 
system.  The  slope  of  the  Ip  versus  vl/2  was  used  to  calculate  the  diffusion  coefficient  of 
lithium  during  the  charge  and  discharge  and  the  results  are  shown  in  Figure  4-9  and  Table 
4-1 . The  results  show  that  the  diffusion  coefficient  of  lithium  was  increased  with 
increasing  substrate  temperature  from  300°C  to  500°C  and  then  decreased  at  higher 
temperatures.  The  values  were  varied  from  2.286  x 10'"  cnr/s  for  the  film  grown  at 
700°C  to  3.033  x 10'4  cm2/s  for  the  film  grown  at  500°C.  The  reported  values  of  diffusion 
coefficient  of  Li  for  LiM^d}  in  the  literatures  range  from  3.1  x 10'11  cm2/s  to  5 x 10'l() 
cm2/s  for  bulk  and  2.5  x 10'"  cm2/s  to  3 x 10'10  cm2/s  for  thin  films  [Guy94,  Pis92, 

Rou97,  Str96]. 
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Table  4-1 . Parameters  measured  from  the  eye 


Temperature 

300°C 

400°C 

500°C 

600°C 

700°C 

AEP  (V) 
at  0.0001  V/s 

0.152 

0.177 

0.197 

0.490 

0.609 

Dch  (cm2/s) 

1.058  xlO'9 

1.059  xlO’9 

3.1 17  x 1 O'9 

7.937  xl O'" 

2.172  xl 0‘" 

Ddisch  (em’/s) 

7.206  x1  O’10 

1.128  xlO'9 

3.033  x 1 O’9 

5.003  x 1 0‘" 

2.286  xlO  " 

ic  voltammograms. 


The  film  grown  at  300°C  showed  the  lower  diffusion  coefficient  than  those  grown 
at  higher  temperatures  (400  and  500°C)  because  the  poor  crystallinity  with  amorphous 
phase  in  part  might  interrupt  the  path  for  the  Li  diffusion  into/from  the  cathode  film.  It 
can  also  be  attributed  to  the  fact  that  the  substrate  temperature  is  not  sufficiently  high  for 
Li  ions  to  occupy  the  tetrahedral  8a  sites  through  which  Li  insertion  takes  place  at  3 V 
region.  The  film  grown  at  700°C  had  the  lowest  diffusion  coefficient  since  the 
agglomerated  large  grains  at  the  surface  of  the  thin  film  cathode  might  only  participate  in 
the  Li  intercalation/deintercalation  resulting  in  slow  diffusion.  The  longer  diffusion  path 
due  to  the  grain  growth  may  be  ascribed  to  the  extended  time  for  Li  to  diffuse  in  and  out 
of  the  grains.  In  the  case  of  the  LiM^Cfi  thin  film  cathode  grown  at  500°C,  the  aspects 
that  are  suspected  to  restrict  the  Li  diffusion  in  the  films  grown  at  low  and  high 
temperatures  can  be  alleviated  by  having  the  optimized  crystallinity,  grain  size,  and 
composition,  leading  to  the  fast  Li  diffusion. 

Discharge  capacity  of  2.5  ~ 3.5  V region 

Figure  4-10  displays  the  first  discharge  curve  in  the  range  of  2.5  ~ 3.5  V at  1 C rate 
of  cells  with  LiMnaCL  film  grown  at  300  ~ 700°C  in  500  mtorr  of  oxygen.  One  of  the 
distinct  features  from  discharge  curves  is  the  discharge  potential  of  the  each  cell.  The 
discharge  potential  of  LiMn204  thin  film  cathodes  grown  at  300°C,  400°C,  and  500°C 
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was  nearly  constant  at  about  2.84  V whereas  those  for  LiMn204  thin  film  cathodes  grown 
at  600°C  and  700°C  were  much  lower  than  2.84  V.  The  potential  drop  of  a cell  has  been 
attributed  to  the  overpotential  induced  by  the  kinetic  limitation  and  the  ohmic  drop  in  the 
electrolyte.  It  can  be  concluded  that  the  voltage  drop  is  mainly  ascribed  to  the  radical 
increase  in  charge  transfer  resistance  of  the  films  grown  at  600°C  and  700°C  as 
mentioned  in  the  CV  measurements  in  which  the  charge  transfer  resistance  were 
extremely  higher  than  others.  The  larger  the  grain  size,  the  higher  is  the  true  current 
density  for  a given  overall  current.  This  might  increase  most  forms  of  overpotential 
(polarization)  in  the  charge  transfer  reaction  between  the  intercalant  and  intercalation 
host. 

There  was  a tendency  that  the  initial  discharge  capacity  was  increased  with 
increasing  substrate  temperature  from  300°C  to  500°C,  which  exhibited  the  maximum 
values  among  others  and  then  decreased  at  higher  temperature.  The  cell  with  LiMn204 
thin  film  cathodes  grown  at  700°C  showed  the  lowest  initial  discharge  capacity.  In 
LiMn204,  the  amount  of  Mn3+  has  a close  relation  with  the  electrochemical  properties. 
During  charge  and  discharge  at  3 V,  the  change  of  manganese  oxidation  state  occurs  as 
follows: 

Li+  + e'  + LiMn3+Mn4+04  Li2Mn3+Mn3+  04  (4.2) 

Since  the  discharge  capacity  of  LiMn204  is  determined  by  the  amount  of  Mn3+,  the 
capacity  increases  with  the  increase  of  the  amount  of  MnJ+  [ChuOl],  It  was  also  reported 
that  lattice  constant  of  LiMn204is  increased  with  increasing  the  amount  of  Mn3+  because 
of  the  larger  Mn3+  ionic  radius  than  Mn4+.  Thus,  it  is  believed  that  the  discharge  capacity 
of  LiMn204  was  increased  with  increasing  temperature  from  300  to  500°C  due  to  the 
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increased  amount  of  Mn3+  with  temperature  as  shown  in  the  lattice  constant  measurement 
and  XPS  results.  In  addition,  the  increased  crystallinity  with  temperature  may  facilitate 
the  intercalation/deintercalation  of  Li  leading  to  higher  capacity.  However,  LiMn204  thin 
films  grown  at  600°C  and  700°C  showed  smaller  capacities  although  they  have  higher 
amount  of  Mn3+.  In  these  fdms,  inhomogeneous  distribution  of  composition  and/or 
agglomerated  grain  may  cause  the  incomplete  electrochemical  reaction,  leading  to  a 
smaller  capacity.  The  high  temperature  can  lead  to  a higher  cell  resistance  due  to  the 
enlarged  grains  that  reduce  the  contact  area  between  the  electrode  and  electrolyte  as  well 
as  contact  area  between  grains,  resulting  in  slow  electrochemical  reaction.  Thus,  the 
active  material  participated  in  the  electrochemical  reaction  might  be  limited  to  only  very 
thin  surface  area  of  the  thin  film.  Also,  loss  of  lithium  at  high  temperature  due  to  the  high 
vapor  pressure  of  Li  may  result  in  the  smaller  discharge  capacity  of  grown  at  600°C  and 
700°C  [JulOO,  Mor98], 

Cycling  behavior  of  2.5  ~ 3.5  V region 

Figure  4-1 1 (a)  shows  the  discharge  curves  of  a Li-ion  cell  with  0.61  pm  thick 
LiMn204  film  grown  at  300°C  in  500  mtorr  of  oxygen  in  the  range  of  2.5  ~ 3.5  V 
discharged  at  30.8  pA/crn"  (1  C rate).  The  first  discharge  capacity  was  about  3 1 .93 
pAh/cm2-pm,  which  is  equivalent  to  about  53.22%  of  the  theoretical  value.  The  discharge 
capacity  was  decreased  to  78.35%  of  its  initial  value  after  20  cycles.  After  1 00  cycles,  the 
discharge  capacity  was  decreased  to  61.42%  of  its  initial  capacity,  which  corresponds  to 
the  0.3858%  reduction  in  capacity  per  cycle.  Figure  4-1 1 (b)  shows  the  discharge  curves 
of  a Li-ion  cell  with  0.64  pm  thick  LiMn204  film  grown  at  400°C  in  the  range  of  2.5  ~ 

3.5  V discharged  at  32.4  pA/cnT  (1  C rate).  The  first  discharge  capacity  was  about  33.48 
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pAh/cm2-pm,  which  is  equivalent  to  about  55.8%  of  the  theoretical  value.  The  discharge 
capacity  was  gradually  decreased  to  85.08%  of  its  initial  value  after  20  cycles.  The 
discharge  capacity  after  100th  cycle  was  decreased  to  81.95%  of  its  initial  capacity,  which 
corresponds  to  the  0.1805%  reduction  in  capacity  per  cycle.  Figure  4-1 1 (c)  shows  the 
discharge  curves  of  a Li-ion  cell  with  0.61  pm  thick  LiMn204  film  grown  at  500°C  in  the 
range  of  2.5  ~ 3.5  V discharged  at  33.8  pA/cm2  (1  C rate).  The  first  discharge  capacity 
was  about  41.05  pAh/cm2-pm,  which  is  equivalent  to  about  68.42%  of  the  theoretical 
value.  The  discharge  capacity  was  gradually  decreased  to  86.41%  of  its  initial  value  after 
20  cycles.  After  100th  cycle,  the  discharge  capacity  was  decreased  to  75. 1 5%  of  its  initial 
capacity,  which  corresponds  to  the  0.2485%  reduction  in  capacity  per  cycle.  Figure  4-11 
(d)  shows  the  discharge  curves  of  a Li-ion  cell  with  0.52  pm  thick  LiMn204  film  grown 
at  600°C  in  the  range  of  2.5  ~ 3.5  V discharged  at  26.2  pA/cnr  ( 1 C rate).  The  first 
discharge  capacity  was  about  19.93  pAh/cm2  pm,  which  is  equivalent  to  about  33.22%  of 
the  theoretical  value.  After  10  cycles,  the  discharge  capacity  was  significantly  decreased 
to  54.81%  of  its  initial  capacity.  Then,  the  discharge  capacity  was  gradually  decreased  to 
48.72%  of  its  initial  capacity  at  100th  cycle,  which  corresponds  to  the  0.4519%  reduction 
in  capacity  per  cycle.  Figure  4-1 1 (e)  shows  the  discharge  curves  of  a Li-ion  cell  with 
0.51  pm  thick  LiMn204  film  grown  at  700°C  in  the  range  of  2.5  ~ 3.5  V discharged  at 
25.7  pA/cm2  (1  C rate).  The  first  discharge  capacity  was  about  13.95  pAh/cnT  pm,  which 
is  equivalent  to  about  23.24%  of  the  theoretical  value.  After  10th  cycle,  the  discharge 
capacity  was  severely  decreased  to  48.72%  of  its  initial  capacity.  Then,  the  discharge 
capacity  was  gradually  decreased  to  40.02%  of  its  initial  capacity  at  100th  cycle,  which 
corresponds  to  the  0.5128%  reduction  in  capacity  per  cycle.  The  cycle  behaviors  and 
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relative  capacity  of  the  cell  with  LiMn204  thin  film  cathodes  grown  at  300°C  ~ 700°C  are 
shown  in  Figure  4-12  (a)  and  (b),  respectively. 

Several  reasons  have  been  proposed  to  explain  the  capacity  loss  in  LiMn204.  They 
are:  (1)  a slow  dissolution  of  the  cathode  in  the  charged  state  is  induced  by  the  oxidation 
of  the  electrolyte  at  potential  above  4.1  V [Jan96].  This  effect  is  particularly  enhanced  by 
the  formation  of  protons  during  decomposition  of  solvents  such  as  ethers  and  the 
generation  of  HF  from  fluorinated  salt  such  as  LiPF6  [Jan97],  (2)  A slow  dissolution  in 
the  electrolyte  of  the  cathode  in  the  discharged  state  takes  place  according  to  the 
disproportionation  reaction  2Mn3+  ->•  Mn2+  + Mn4+.  Thackeray  el  al.  proposed  that  this 
reaction  is  enhanced  by  the  formation  of  Li-rich  (MnJ+  rich)  phase  at  the  surface  of  the 
electrode  [Cho99],  (3)  When  excess  lithium  is  inserted  into  the  framework  during 
discharge  the  Jahn-Teller  induces  a large  volume  change.  These  repeated  distortions  are 
too  severe  for  the  cathode  to  maintain  its  structural  integrity.  This  phenomenon  is 
kinetically  induced  at  the  surface  of  the  grain  where  Li-rich  phases  are  formed  [Gum94, 
Tha98].  It  is  believed  that  the  effect  of  (1)  was  minimized  because  the  electrochemical 
measurements  were  performed  in  the  range  of  2.5  ~ 3.5  V for  this  3 V study. 

From  the  cycling  behavior  of  the  cells  with  LiMn204  thin  film  grown  at  different 
temperatures  as  shown  in  Figure  4-12  (b),  it  can  be  concluded  that  the  capacity  retention 
on  cycling  was  decreased  with  increasing  temperature  from  400°C  to  700°C  except  for 
the  case  of  the  cell  with  thin  film  cathode  grown  at  300"C.  This  tendency  was  in  a good 
agreement  with  the  previously  reported  literatures  [Liu96,  Luc99],  For  the  thin  film 
cathode  grown  at  300°C,  the  small  grain  of  cathode  material  with  a high  surface  area 
would  be  expected  to  improve  the  lithium  insertion  kinetic  by  reducing  the  diffusion 
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length  within  grain.  The  formation  of  Li2Mn204  at  the  surface  of  the  grain  should  be  then 
reduced,  leading  to  a lower  capacity  loss  during  cycling.  However,  the  capacity  retention 
of  LiMn204  film  grown  at  300°C  was  inferior  to  those  grown  at  400°C  and  500°C.  This 
would  be  consistent  with  the  idea  that  the  dissolution  process  predominantly  governs  the 
capacity  loss  of  LiMn204  film  grown  at  300°C.  LiMn204  is  slightly  soluble  in  the 

electrolyte,  hence,  a higher  surface  area  would  accelerate  the  dissolution  process  and 
induce  a faster  capacity  loss. 

As  shown  in  the  structural  investigation,  the  content  of  Mn3+  was  increased  with 
increasing  temperature  at  which  thin  film  cathodes  were  grown.  The  higher  content  of 
Mn3  , the  more  severe  Jahn-Teller  takes  place  during  cycling  because  the  Li-rich 
Li2Mn204  would  be  more  easily  formed  at  the  surface  of  the  grain  during  the  discharge. 
Thus,  the  cell  with  cathode  film  having  higher  content  of  Mn3+  showed  the  lower 
cyclability  than  the  cells  having  lower  content  of  Mn3+.  Especially,  for  a LiMn204  film 
grown  at  700°C,  the  loss  of  oxygen,  which  was  confirmed  by  XPS,  would  induce  a 
decrease  of  oxidation  state  of  Mn  and  an  increase  of  Mn3+  content  leading  to  enhanced 
the  disproportionation  reaction  and  fast  capacity  loss  [Tar94],  When  the  concentration  of 
Mn3+  in  the  framework  drops  due  to  the  disproportionation  reaction,  the  dissolution 
process  slows  down  and  capacity  retention  stabilizes  shown  in  Figure  4-12  (b).  One  of 
reasons  for  the  better  capacity  retention  of  low-temperature  grown  cathode  film  might  be 
the  structural  factor.  The  film  grown  at  low  temperature  may  have  structural  defects, 
which  can  offer  spaces  for  a small  flexible  transition  of  the  lattice  during  the 
intercalation/deintercalation  process.  Thus,  the  framework  may  be  able  to  resist  the  stress, 
which  is  generated  from  repeated  cycling  leading  to  a good  rechargeability.  Also,  for  a 
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uniform  distribution  of  small  grains  shown  in  Figure  4-3  (a)  for  LiMn204  film  grown  at 
400°C,  it  is  reasonable  to  assume  that  all  grains  have  the  same  composition  during 
discharge.  When  Jahn-Teller  distortion  occurs,  most  grains  would  experience,  to  the  same 
extent,  the  dimensional  change  caused  by  a cubic  to  tetragonal  phase  transformation.  This 
uniformity  of  change  among  all  grains  might  help  retain  the  structural  integrity  between 
the  grains  resulting  in  the  good  capacity  retention. 

AC  impedance  of  2.5  ~ 3.5  V region 

Typical  AC  impedance  spectra  at  the  open-circuit  voltage  of  as-received  thin  films 
grown  at  different  temperatures  are  shown  in  Figure  4-13  (a).  The  spectra  showed  a 
typical  Nyquist  plot  in  which  the  real  and  imaginary  impedances  are  drawn  as  a function 
of  the  given  frequency.  As  mentioned  in  the  chapter  2,  the  semicircle  in  the  high 
frequency  region  is  due  to  the  charge  transfer  reaction  at  the  interface  of  the 
electrolyte/electrode,  and  the  inclined  line  in  the  low  frequency  region  is  attributed  to 
Warburg  impedance  that  is  associated  with  lithium  diffusion  through  the  electrode 
[Cho95].  It  can  be  qualitatively  concluded  that  the  charge  transfer  resistance  was 
increased  with  increasing  temperature  because  the  diameter  of  semicircle  in  the  high 
frequency  region  was  increased  with  increasing  temperature.  Upon  repeated  cycling,  the 
diameters  steadily  was  increased,  indicating  that  the  charge  transfer  resistance  was 
increased  with  cycling  as  shown  in  Figure  4-13  (b)  for  the  LiMn204  thin  film  grown  at 
300°C.  For  all  LiMn204  films  grown  at  300  ~ 700°C  the  charge  transfer  resistance 
increased  with  cycling,  which  could  account  for  most  of  the  high  cell  polarization  that 
leads  to  the  premature  termination  of  the  recharge  operation. 
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In  order  to  estimate  the  numerical  values  related  to  the  AC  impedance  spectra  the 
modified  equivalent  circuit  was  used  in  which  the  double  layer  capacitance  was  replaced 
with  the  constant  phase  element  (CPE)  shown  in  Figure  4-14.  Rd  is  the  electrolyte 
resistance  represented  as  Rn  in  the  chapter  2.  The  CPE  is  a non-intuitive  circuit  element 
that  was  discovered  in  depressed  semicircle  with  the  center  some  distance  below  the  real 
impedance  (Z')  axis.  Mathematically,  a CPE’s  impedance  is  given  by 

1 / Z = Q (jco)n  (4.3) 

where  Q has  the  numerical  value  of  the  admittance  at  co  = 1 rad/s.  When  n=l,  Q is  the 
same  as  capacitance  C.  The  numerical  exponent  n is  defined  as  n = 1 /( D- 1 ) where  D is 
the  fractal  dimension.  For  a perfect  smooth  surface  the  D is  2 and  thus  n=l  whereas 
n=0.5  when  D is  3 for  a highly  contorted  surface.  For  the  case  of  a classical  depressed 
semicircle,  the  true  capacitance  C can  be  calculated  by  the  equation  shown  below 
[HsuOl], 

C = Q (ow)"'1  (4.4) 

The  details  on  fitting  of  Nyquist  plots  obtained  by  the  modified  equivalent  circuit 
are  shown  in  the  Appendix.  Calculated  values  including  charge  transfer  resistance  (Rct) 
and  double  layer  capacitance  (Cdi)  are  shown  in  the  Table  4-2  and  the  change  of  Rct  and 
Cdi  with  temperature  is  displayed  in  Figure  4-15.  There  was  no  significant  difference  in 
the  electrolyte  resistance  (Rn),  which  was  in  5 ~ 1 5 Qcm2  for  all  films  regardless  of 
temperature.  Ra  can  be  easily  determined  from  the  intercept  of  the  semicircle  and  the 
abscissa  at  the  high  frequency  region  on  the  Nyquist  plot.  One  of  the  important 
parameters  shown  in  Table  4-2  is  the  value  of  the  numerical  exponent  n.  The  value  n of 
the  film  grown  at  400°C  was  the  highest  whereas  that  of  700°C  was  the  lowest,  indicating 
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that  the  film  grown  at  400  C has  a relatively  flat  and  smooth  surface  compared  to  that 


grown  at  700  C.  This  result  agrees  well  with  the  morphology  observed  by  SEM  shown  in 


Figure  4-3.  The  double  layer  capacitance  was  slightly  decreased  with  increasing 
temperature  up  to  500  C and  then  increased.  The  charge  transfer  resistance  was  increased 
with  increasing  temperature  as  expected  from  the  Nyquist  plot  shown  in  Figure  4-13  (a). 
The  increment  of  Rc,  with  increasing  temperature  was  mainly  attributed  to  the  grain 


growth  and  agglomeration  of  grains  with  temperature.  The  thin  film  cathode  with  smaller 
grain,  thus  larger  specific  surface  area  contacted  with  the  electrolyte  would  accommodate 
more  charges  at  the  interface  resulting  in  the  lower  charge  transfer  resistance  for  the  thin 
film  cathodes  grown  at  low  temperature.  The  change  of  Rct  with  temperature  confirmed 


the  result  that  had  been  expected  from  the  separation  between  anodic  and  cathodic 
potential  peaks  in  the  cyclic  voltammetry  measurements. 


Table  4-2.  Parameters  calculated  from  the  AC  impedance  spectra. 


Temperature 

300°C 

400°C 

500°C 

600°C 

700°C 

Rq  (Qcm2) 

14.97 

±0.10685 

5.736 

±0.31367 

7.733 
± 0.29663 

6.982 
± 0.25332 

8.83 

± 0.26774 

Q(s7MQcm2) 

10.5430 
± 1.0146 

6.1239 

±2.1383 

5.4992 

±1.315 

14.164 

±2.6866 

14.018 

±1.8036 

n 

0.8706 

±0.00991 

0.9337 

±0.03509 

0.9005 

±0.02379 

0.875 

±0.02083 

0.82488 

±0.01393 

Cd(pF/cm2) 

3.4122 

±0.3284 

3.7166 
± 1.2977 

2.4383 

±0.5807 

7.6757 
± 1.4559 

5.6396 

±0.7256 

Rct  (Qcm2) 

36.66 
± 0.6668 

69.66 

±7.2125 

66.71 

±3.0044 

310 

±44.818 

395.5 
± 32.36 

Rate  capability  of  2.5  ~ 3.5  V region 

The  discharge  rate  capability  was  conducted  at  different  charge/discharge  current 
densities  after  50th  cycle  and  discharge  curves  for  the  Li-ion  cell  with  LiMn204  film 
grown  at  300  ~ 700°C  in  the  range  of  2.5  ~ 3.5  V are  shown  in  Figure  4-16.  It  is  evident 
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that  the  average  discharge  potential  of  discharge  curve  was  decreased  with  increasing  the 
discharge  current  density  applied.  The  voltage  of  an  electrochemical  cell  unavoidably  is 
decreased  with  increasing  current.  This  phenomenon  can  account  for  ohmic  drop  in  the 
electrolyte  and  polarization  due  to  an  overpotential  induced  by  the  kinetic  limitation. 
Since  the  ohmic  drop  Vei  = R^i  x i,  the  voltage  drops  with  increasing  the  current.  The 
overpotential  induced  by  kinetic  limitations  of  ion  insertion  or  electron  transfer  at  the 
electrode  with  high  current  density  would  decrease  the  operating  voltage.  The 
polarization  contribution  to  the  voltage  drop  would  mainly  account  for  larger  voltage 
drop  in  the  thin  film  cathodes  grown  at  600°C  and  700°C,  which  had  larger  charge 
transfer  resistances  than  those  of  films  grown  at  low  temperature. 

The  relative  capacity  with  increasing  discharge  current  density  up  to  IOC  rate  is 
shown  in  Figure  4-17  for  thin  film  cathodes  grown  at  different  temperatures.  The  films 
grown  at  400°C  and  500°C  exhibited  more  than  60%  of  the  1 C rate  capacity  at  even  10  C 
rate  whereas  less  than  10%  for  the  film  grown  at  600°C  and  700"C.  It  should  be  noted 
that  the  rate  capability,  which  represents  the  ability  to  charge  and  discharge  at  high 
current  required,  of  the  thin  film  cathodes  is  strongly  dependent  upon  both  the  charge 
transfer  at  the  interface  between  electrode  and  electrolyte  and  the  diffusion  of  Li  in  the 
thin  film  cathodes.  The  higher  diffusion  coefficient  and  the  lower  Rct,  the  higher 
discharge  rate  capability  was  obtained  for  the  thin  film  cathodes  grown  at  low 
temperature.  On  the  contrary,  in  case  of  thin  film  cathodes  grown  at  high  temperature  the 
charge  transfer  process  was  believed  to  become  an  important  factor  that  determines  the 
rate  capability  of  the  cell  because  of  the  significantly  high  Rct  by  the  abnormally  large 
and  agglomerated  grains. 
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Cyclic  voltammetry  of  2.5  ~ 4.5  V region 

In  order  to  examine  the  validity  of  the  thin  film  cathodes  for  4 V region,  the 
electrochemical  measurement  in  the  range  of  2.5  ~ 4.5  V was  performed  with  the  cell 
with  cathodes  grown  at  300°C  and  500°C.  Cells  with  the  cathode  films  grown  at  higher 
temperatures  were  excluded  in  this  experiment  due  to  their  poor  characteristics  at  the  3 V 
region.  The  cyclic  voltammograms  for  LiMn204  thin  films  grown  at  300°C  and  500°C 
between  2.5  and  4.5  V at  a sweep  rate  of  0. 1 mV/s  are  shown  in  Figure  4-18  (a)  and  (b), 
respectively.  The  cell  was  initially  charged  to  4.5  V before  the  measurement.  The  current- 
voltage  traces  clearly  illustrated  the  reversibility  of  thin  film  cathodes  upon  intercalation 
and  deintercalation  of  lithium  ions  over  the  voltage  range  2.5  to  4.5  V as  reported  in 
previous  literature  [Ros90,  Tar91b,  Tha83,  Tha84],  The  two  anodic  peaks  and  two 
cathodic  peaks,  corresponding  to  the  reversible  two-stage  process  of  X.-Mn02 
LiMn204,  are  observed  to  occur  at  4 V region  while  a pair  of  anodic-cathodic  peak  at  3 V 
region  is  represented  as  the  reversible  reaction  LiMn204  <-»  Li2Mn204,  which  results  in 
the  cubic-tetragonal  transformation  due  to  the  Jahn-Teller  distortion.  The  film  grown  at 
300°C  showed  a broad  and  poorly  resolved  peak  at  4 V region,  indicating  the  presence  of 
defects  and  high  disorder  due  to  the  poor  crystallinity  [MorOl , Xia97b],  For  both  films, 
the  separation  between  anodic  (Epa)  and  cathodic  potential  peak  (Epc)  at  4 V region  was 
much  smaller  than  that  at  3 V region,  representing  the  better  reversibility  at  4 V region. 
Cycling  behavior  of  2.5  ~ 4.5  V region 

Discharge  curves  of  the  cell  with  LiMn204  thin  film  cathodes  grown  at  300°C  and 
500°C  in  the  range  of  2.5  ~ 4.5  V at  a current  density  of  60  pA/cm2  are  shown  in  Figure 
4- 19(a)  and  (b),  respectively.  Film  grown  at  300°C  delivered  the  initial  capacity  of  43.4 
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|aAh/cm2-pm  whereas  the  film  grown  at  500°C  showed  the  first  capacity  of  68.83 
pAh/cnT-pm.  Capacity  at  4 V region  as  well  as  capacity  at  3 V region  were  increased 
with  increasing  substrate  temperature.  This  might  be  ascribed  to  the  better  crystallinity 
and  less  defects  of  the  film  grown  at  500°C  leading  to  the  higher  diffusion  coefficient  of 
Li  into/from  the  electrode  as  shown  previously.  Also,  the  increased  amount  of  Mn3+  in 
the  films  grown  at  500°C  led  to  the  higher  capacity  at  both  3 V and  4 V regions.  Capacity 
loss  of  the  film  grown  at  300°C  was  more  rapid  than  that  of  the  film  grown  at  500°C  due 
to  the  very  poor  capacity  retention  characteristic  at  3 V region  of  the  film  grown  at  300°C. 
After  100  cycles,  the  capacities  of  films  grown  at  300°C  and  500°C  were  retained  about 
66.67%  and  80.43%  of  their  initial  capacities,  respectively.  The  higher  capacity  retention 
at  4 V than  3V  was  obtained  for  both  films  that  was  expected  from  the  separation 
between  anodic  and  cathodic  potential  peaks  in  the  CV  measurement.  The  capacity  loss 
in  the  range  of  2.5  ~ 4.5  V was  slightly  increased  compared  to  that  in  3 V region  only  due 
to  the  relatively  higher  capacity  retention  of  4 V region.  It  should  be  noted  that  the 
electrochemical  characteristics  in  the  range  of  2.5  ~ 4.5  V of  LiMn204  films  grown  were 
strongly  dependent  upon  those  of  3 V region  because  of  the  higher  capacity  and  poorer 
capacity  retention  of  3 V region  than  4 V region. 

Summary 

Using  PLD  technique  LiMn204  thin  films  were  grown  in  500  mtorr  of  oxygen  at 
300  ~ 700°C.  From  the  XRD,  the  crystallinity  and  grain  size  of  the  films  were  increased 
with  increasing  temperature.  In  addition,  the  lattice  constant  of  the  film  was  increased 
with  increasing  temperature  due  to  the  transition  of  Mn  ion  from  4+  to  3+,  which  was 
confirmed  by  the  relative  ratio  of  Mn3+/Mn4+  on  Mn  2p3/2  in  XPS.  The  results  shown  in 
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SEM  and  TEM  were  in  a good  agreement  with  each  other  in  terms  of  the  grain  size  and 
crystallinity.  Films  grown  at  low  temperature  showed  uniform  grains  with  some  extent  of 
defects  while  films  grown  at  high  temperature  revealed  the  large  and  agglomerated  grains 
with  good  crystallinity. 

There  was  a tendency  that  the  initial  discharge  capacity  of  3 V region  was  increased 
with  increasing  substrate  temperature  in  the  range  of  300°C  ~ 500°C  and  then  decreased 
at  higher  temperatures.  The  main  reason  for  the  increment  of  the  initial  discharge 
capacity  was  ascribed  to  the  increase  of  amount  of  Mn  ’ and  improved  crystallinity  with 
temperature  leading  to  facilitated  intercalation  and  deintercalation  of  lithium.  The  lower 
capacity  of  the  thin  film  cathodes  grown  at  high  temperature  was  attributed  to  the 
inhomogeneous  electrochemical  reaction  due  to  the  abnormally  agglomerated  grains  and 
high  contact  resistance. 

Capacity  retention  on  cycling  in  the  3 V region  was  decreased  with  increasing 
temperature.  For  a thin  film  cathode  grown  at  300°C  the  capacity  loss  was  mainly 
occurred  by  the  dissolution  of  cathode  in  the  electrolyte  due  to  the  large  surface  area 
contacted  with  the  electrolyte.  As  the  substrate  temperature  was  increased,  the  Jahn- 
Teller  distortion  became  a predominant  contribution  to  the  capacity  loss.  The  thin  film 
cathode  grown  at  700  C lost  more  than  50%  of  its  initial  discharge  capacity  even  before 
10  cycles.  The  films  grown  at  relatively  low  temperature  exhibited  the  better  capacity 
retention  because  structural  defects  and  uniform  distribution  of  grains  might  help  to  retain 
the  structural  integrity  upon  repeated  cycling. 

Thin  film  cathodes  with  high  diffusion  coefficient  of  Li+  and  low  charge  transfer 
resistance  exhibited  the  better  discharge  rate  capability.  The  rate  capability  is  dependent 
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on  the  charge  transfer  resistance  at  the  interface  between  the  oxide  electrode  and  the 
electrolyte  as  well  as  the  diffusion  coefficient  of  Li+  the  electrode. 

The  discharge  capacity  of  3 V was  larger  than  that  of  4 V for  the  films  grown  at 
300°C  and  500°C.  The  discharge  capacity  of  2.5  ~ 4.5  V was  increased  with  increasing 
temperature  because  of  increased  capacities  at  both  3 V and  4 V with  increasing 
temperature.  The  total  capacity  retention  of  2.5  ~ 4.5  V for  film  grown  at  500°C  was 
better  than  that  for  grown  at  300 'C  due  to  the  poorer  capacity  retention  at  3 V of  the  latter. 
It  is  concluded  that  the  electrochemical  behavior  in  the  range  of  2.5  ~ 4.5  V of  the  thin 
film  cathode  is  strongly  dependent  on  that  of  3 V in  terms  of  the  capacity  and  capacity 
fade  on  cycling. 
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Figure  4-1.  XRD  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at  (a)  700°C,  (b)  500°C, 
and  (c)  300°C. 
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Figure  4-2.  Lattice  constant  (left)  and  FWHM  of  (1 1 1)  peak  (right)  of  LiMn204  thin  films 
grown  in  500  mtorr  of  02  as  a function  of  substrate  temperature. 
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Figure  4-3.  SEM  micrographs  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at  (a) 
400°C,  (b)  500°C,  and  (c)  700°C. 
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Figure  4-4.  TEM  of  LiMn204  thin  films  grown  in  500  mtorr  of  02  at  500°C:  (a)  Bright 
field  image  with  selected  area  electron  diffraction  (SAD)  and  (b)  Energy 
dispersive  X-ray  spectroscopy  (EDX). 


(H)N 


86 


Figure  4-5.  XPS  survey  scan  of  LiMn204  thin  film  grown  in  500  mtorr  of  02  at  300°C. 
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Figure  4-6.  High  resolution  XPS  of  Mn  2p3/2  of  LiMn204  thin  films  grown  in  500  mtorr 
of  02  at  (a)  300°C,  (b)  500°C,  and  (c)  700°C. 
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Figure  4-7.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  a LiMn204  thin  film 

grown  at  300°C:  (a)  Normal  cyclic  voltammograms  and  (b)  Psudocapacitances 
at  different  sweep  rates. 
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Figure  4-8.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films 
grown  at  300°C,  400°C,  500°C,  600°C,  and  700°C.  Sweep  rate  : 0.1  mV/s. 
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Figure  4-9.  Diffusion  coefficients  of  Li+  in  the  LiMn204  thin  film  as  a function  of 
substrate  temperature. 
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Figure  4-10.  The  first  discharge  curves  in  the  range  of  2. 5 ~ 3.5  V of  LiMn204  thin  films 
grown  at  300°C,  400°C,  500°C,  600°C,  and  700°C.  Discharge  rate:  1 C rate. 
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Figure  4-11.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films  grown  at 
(a)  300°C,  (b)  400°C  and  (c)  500°C. 
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Figure  4-11.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  a LiMn204  thin  film  grown 
at  (d)  600°C  and  (e)  700°C. 
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Figure  4-12.  Discharge  capacity  as  a function  of  cycle  number  in  the  range  of  2.5  ~ 3.5  V 
of  LiMn204  thin  films  grown  at  different  temperatures:  (a)  Specific  discharge 
capacity  and  (b)  Relative  discharge  capacity. 
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Figure  4-13.  AC  impedance  spectroscopy  of  LiMn204  thin  films:  (a)  As-received 

LiMn204  thin  films  grown  at  different  temperatures  and  (b)  LiMmCC  thin  film 
grown  at  300°C  after  cycling. 


96 


Re  I 

nAA 


CPE 

>- 


! Ret 


w 

■Wr— 1 


Figure  4-14.  Equivalent  circuit  used  for  the  fitting  of  the  Nyquist  plots. 


Figure  4-15.  Double  layer  capacitance  and  charge  transfer  resistance  of  LiMn204  thin 
films  grown  at  different  temperatures. 
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Figure  4-16.  Discharge  curves  at  different  current  densities  of  LiMn204  thin  films  grown 
at  (a)  300°C,  (b)  400°C,  (c)  500,  (d)  600°C,  and  (e)  700°C. 
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Figure  4-17.  Discharge  rate  capability  in  the  range  of  2.5  ~ 3.5  V of  LiMn204  thin  films 
grown  at  different  temperatures. 
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Figure  4-18.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 4.5  V of  LiMn204  thin  films 
grown  at  (a)  300°C  and  (b)  500°C.  Sweep  rate:  0.1  mV/s. 
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Figure  4-19.  Discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  LiMn204  thin  films  grown 
(a)  300°C  and  (b)  500°C.  Discharge  rate  : 60  (a A/cm2. 


CHAPTER  5 

EFFECT  OF  ALUMINUM  DOPING  ON  THE  ELECTROCHEMICAL 
CHARACTERISTICS  OF  LITHIUM  MANGANESE  OXIDE  THIN  FILM  CATHODES 

Introduction 

As  mentioned  earlier,  the  wide  use  of  spinel  LiMn204  as  a cathode  for  the  Li-ion 
batteries  has  been  restricted  by  its  poor  rechargeability  caused  from  several  possible 
reasons:  (1)  dissolution  of  Mn  into  the  electrolyte  [Bly98,  Cho99,  Kan96,  Rob97,  Xia98], 
(2)  the  onset  of  Jahn-Teller  distortion  [Guo96,  SunOO,  Tha95],  (3)  decomposition 
(oxidation)  of  the  electrolyte  [Jan96,  Xia97a],  and  (4)  structural  instability  of  LiMn204 
[Xia96,  Xia97a,  Xia98],  Numerous  attempts  have  been  employed  to  improve  its  cycle 
stability.  Among  them  partial  substitution  of  Mn  with  other  metallic  elements  such  as  Co, 
Ni,  and  A1  has  shown  to  be  a very  effective  way  for  improving  the  cycle  performance  of 
LiMn204.  [Guo96,  Tar91a,  Woh97].  The  lithium  intercalation  properties  of  LiAlxMn2-x04 
have  been  reported  by  Le  Cras  et  al.  [LeC96].  Since  aluminum  is  light  in  weight, 
abundant,  and  relatively  inexpensive,  Al-substituted  lithium  manganese  oxide  spinel  is 
expected  to  be  a cathode  material  with  higher  specific  energy,  lower  cost,  and  less 
toxicity. 

In  this  experiment,  the  effect  of  Aluminum  doping  on  the  electrochemical 
characteristics  of  lithium  manganese  oxide  thin  film  cathodes  has  been  studied  using  the 
PLD  technique. 
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Experimental 

LiAlxMn2-x04  (x=  0.1,  0.2,  0.3)  powder  was  synthesized  by  the  melt-impregnation 
method  [LeeOl],  A mixture  of  Li2C03  (Alfa  Aesar,  99.999%),  Mn02  (Alfa  Aesar,  99.9%), 
and  A1(N03)3-9H20  (Alfa  Aesar,  99.999%)  with  appropriate  ratios  was  immersed  in 
acetone  and  ball-milled  with  zirconia  media  for  1 day.  The  suspension  was  dried  at  80°C 
for  24  hours,  calcinated  at  540°C  for  5 hours,  and  then  sintered  at  800°C  for  12  hours  in 
air.  The  heating  and  cooling  rates  were  10°C/min.  The  powder  was  grinded  well  in  the 
mortar.  The  as-prepared  Al-doped  LiMn204  powder  of  1 0 g was  first  uniaxially  pressed 
with  a pressure  of  5000  psi  resulting  in  a disk  with  diameter  of  1 .25  inch  and  thickness  of 
0.25  inch.  This  fragile  pellet  was  isostatically  pressed  with  150  MPa  for  10  min.  The 
pressed  pellet  was  sintered  at  800°C  for  24  hours  in  air.  The  heating  and  cooling  rates 
were  10°C/min. 

All  thin  film  cathodes  in  this  experiment  were  grown  at  500°C  in  the  500  mtorr  of 
oxygen.  The  500°C  has  been  chosen  as  an  optimum  substrate  temperature  because  the 
LiMn204  thin  film  cathode  grown  at  this  temperature  exhibited  the  best  electrochemical 
properties  in  terms  of  initial  discharge  capacity  and  rate  capability.  The  structural 
characterizations  and  electrochemical  measurements  were  performed  as  mentioned  in  the 
previous  chapter. 

Results  and  Discussions 

Structural  Characterizations 

Figure  5-1  shows  the  X-ray  diffractions  of  LiAlxMn2_x04  (x  = 0.1, 0.2,  0.3)  targets 
fabricated  as  mentioned  in  the  experimental  procedures.  Even  though  it  has  been  known 
that  the  A1  replacement  for  the  transition  metal  site  is  not  easy  because  of  the  formation 
of  undesired  oxide  phases  such  as  A1203,  y-Al203,  p-LiA102  [Ohz95,  Zho95],  the 
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diffraction  patterns  of  all  three  target  materials  showed  the  characteristics  of  the  cubic 

spinel  phase  with  the  space  group  of  Fd3m.  There  was  no  detectable  peak  corresponding 
to  other  phases  as  impurities  according  to  the  X-ray  diffraction.  This  result  confirmed  that 
the  melt-impregnation  method  is  one  of  successful  techniques  to  get  a desired  phase, 
especially  Al-doped  lithium  manganese  oxide  since  it  allows  precursors  to  be  more 
homogeneously  and  easily  reacted  with  one  another  resulting  in  a pure  phase.  The  lattice 
constants  measured  from  XRD  data  were  smaller  than  that  of  the  stoichiometric  LiMn204 
( a = 8.247  A)  and  decreased  with  increasing  the  amount  of  A1  doped  because  smaller 
Al3+  (0.535  A)  replaced  Mn3+  (0.645  A)  in  the  16d  octahedral  sites  [Kim03,  MyuOl], 

This  feature  can  be  easily  seen  by  shifting  of  the  position  of  diffraction  peaks  toward  a 
higher  angle  with  increasing  the  amount  of  Al,  meaning  that  the  lattice  constants  linearly 
were  decreased.  The  lattice  constants  of  LiAlo.1Mn1.9O4,  LiAlo.2Mn1.gO4,  and 
LiAlo.3Mn1.7O4  targets  were  8.2203,  8.2006,  and  8.1814  A. 

X-ray  diffraction  of  LiAlxMn2-x04  (x  = 0.1,  0.2,  0.3)  films  grown  in  the  oxygen  of 
500  mtorr  at  500°C  are  shown  in  Figure  5-2.  XRD  showed  the  same  characteristics  as  that 
of  undoped  LiMn204  film  grown  at  same  conditions  showing  no  other  phases  as 
impurities.  The  lattice  constants  of  the  films  were  smaller  than  those  of  corresponding 
targets,  which  might  be  due  to  the  relatively  low  temperature  for  the  full  crystallization  of 
the  films.  The  lattice  constants  of  the  films  were  decreased  with  increasing  the  amount  of 
Al  because  of  the  replacement  of  larger  Mn3+  with  smaller  Al3+.  Figure  5-3  showed  the 
reduction  of  the  lattice  constants  with  increasing  the  amount  of  Al  for  targets  and  films 
grown.  The  lattice  constants  of  LiAlo.jMn1.9O4,  LiAl0.2Mni.8O4,  and  LiAl0  3Mni  704  films 
were  8.1817,  8.1622,  and  8.1215  A. 
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SEM  micrographs  of  the  LiAlo.1Mn1.9O4  and  LiAlo.2Mni.804  films  are  shown  in 
Figure  5-4  (a)  and  (b),  respectively.  There  was  no  significant  difference  in  both 
morphology  and  grain  size  as  a function  of  the  amount  of  A1  doped.  The  films  show 
uniform  grains  in  shape  and  size  of  50  ~ 70  nm  with  some  agglomerated  grains. 

XPS  survey  spectrum  of  a LiAl0  3Mn  L704  film  is  shown  in  Figure  5-5.  All  peaks 
on  the  spectrum  correspond  to  the  constituted  elements  such  as  Li.  Mn,  O,  and  Al.  The 
low  binding  energy  region  is  enlarged  for  details  in  the  range  of  0 ~ 1 50  eV  showing  the 
peaks  of  Li  Is,  Mn  3s,  Mn  3p,  O 2s,  Al  2s,  and  Al  2p.  The  Al  2p  peaks  have  been  used  to 
identify  the  chemical  phase  of  the  Al-doped  lithium  manganese  oxide  films.  There  were 
no  obvious  peaks  at  72.5  eV  which  represents  the  metallic  aluminum.  Instead,  there  is  a 
peak  in  the  range  of  73.8  ~ 74.2  eV  assigned  as  an  Al-0  bonding  in  all  LiAlxMn2.x04  thin 
film  (x  = 0.1,  0.2,  0.3)  [Ahn03,  Mou92],  From  this  result,  it  can  be  concluded  that 
aluminum  in  the  films  is  present  as  an  ion  bonded  with  neighboring  oxygen  not  a simple 
metallic  inclusion.  The  O Is  binding  energy  of  LiAlxMn2.x04  (x  = 0.1,  0.2,  0.3)  thin  films 
are  shown  in  Figure  5-6.  It  is  clear  that  the  O Is  binding  energy  was  slightly  increased 
with  increasing  the  amount  of  Al  doped,  which  indicates  that  the  Al  doping  changed  the 
oxidation  state  of  O.  From  the  higher  oxidation  state  of  O with  Al  doping  it  is  reasonable 
to  assume  that  Al-doped  lithium  manganese  oxide  films  have  stronger  bonding  between 
metal  and  oxygen  in  the  structure  than  undoped  spinel  lithium  manganese  oxide.  In 
addition,  the  ratio  of  Mn4+  to  Mn3+  of  Al-doped  lithium  manganese  oxide  films  was 
higher  than  that  in  the  undoped  spinel,  indicating  the  increase  of  the  average  oxidation 
state  of  manganese  because  of  decreased  amount  of  Mn  ’"  due  to  Al ,+  substitution. 
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Electrochemical  Characteristics 
Cyclic  voltammetry  of  2.5  ~ 3.5  V region 

Cyclic  voltammetries  for  the  Al-doped  lithium  manganese  oxide  films  were 
performed  to  investigate  the  basic  electrochemical  characteristics.  The  cyclic 
voltammograms  of  the  LiAlxMn2.x04  films  (x  = 0.1,  0.2,  0.3)  showed  a pair  of  distinct 
anodic  and  cathodic  peaks,  which  are  located  around  2.9  V and  2.7  V,  respectively, 
clearly  reflect  reversible  oxidation  and  reduction  reactions  corresponding  to  lithium 
extraction  and  insertion.  Figure  5-7  shows  the  CVs  for  three  Al-doped  thin  film  cathodes 
in  the  range  of  2.5  ~ 3.5  V at  the  sweep  rate  of  0.1  mV/s.  Both  anodic  and  cathodic 
potential  peaks  were  shifted  to  the  lower  potential  when  the  amount  of  aluminum  was 
increased. 

Discharge  capacity  of  2.5  ~ 3.5  V region 

The  initial  discharge  curves  of  LiAlxMn2.x04  thin  films  (x  = 0.1.  0.2,  0.3)  are 
shown  in  Figure  5-8  with  that  of  undoped  LiMn204thin  film  for  comparison.  Of  all  cells 
with  Al-doped  lithium  manganese  oxide  thin  films  were  discharged  in  the  range  of  2.5  ~ 
3.5  V at  1 C rate.  The  initial  discharge  potential  was  decreased  with  increasing  the 
amount  of  A1  substituted.  This  potential  drop  with  A1  doping  can  be  ascribed  to  the 
increase  of  free  energy  in  the  system  due  to  the  formation  of  strong  Al-0  bonding, 
leading  to  the  stronger  total  metal-oxygen  bonding  in  the  structure.  It  has  been  reported 
that  the  interaction  energy  remarkably  was  increased  with  A1  doping,  indicating  that  the 
repulsive  interaction  between  lithium  positive-positive  ions  was  gradually  increased  with 
A1  doping  content  [MyuO  1 ] . 

LiAlxMn2.x04  thin  film  cathodes  delivered  the  initial  discharge  capacities  of  37.22, 
33.17,  and  27.76  p.Ah/cm2  pm  for  x = 0.1,  0.2,  and  0.3,  respectively,  which  are  lower 
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than  that  (41.05  pAh/cm2pm)  of  undoped  LiMn204  thin  film  grown  at  the  same 
condition.  The  initial  discharge  capacities  of  these  cells  approximately  exhibited  a 
decreasing  trend  with  increasing  Al-substitution  content  in  the  doped  spinels  because  of  a 
decrease  in  the  amount  of  extractable  Li  ion  in  the  spinel.  For  LiAlxMn2_x04,  Al3+ 
replaced  the  place  occupied  originally  by  Mn3+  and  the  amount  of  Mn3+  in  spinel  was 
reduced  by  the  increasing  amount  of  Al3+.  Since  Al3+  ions  cannot  be  oxidized  in  this 
potential  range,  the  amount  of  removable  Li+  is  determined  by  the  amount  of  Mn3+,  and 
thus,  only  (1-x)  moles  of  Li+  can  be  removed  from  per  mole  of  LiAlxMn2_x04  [Oik99], 
During  discharging,  only  a maximum  of  (1-x)  moles  of  Li+  can  be  reinserted  into  each 
mole  of  cathode  material. 

Cycling  behavior  of  2.5  ~ 3.5  V region 

Figure  5-9  (a)  shows  the  discharge  curves  of  a Li-ion  cell  with  0.5  pm  thick 
LiAlo.iMni  904  film  cathode  grown  at  500°C  in  500  mtorr  of  oxygen  in  the  range  of  2.5  ~ 
3.5  V discharged  at  25  pA/cm“  (1  C rate).  The  first  discharge  capacity  was  about  37.22 
pAh/cm2-pm,  which  is  equivalent  to  about  62%  of  the  theoretical  value  of  LiMn204.  The 
discharge  capacity  was  decreased  to  95.28%  of  its  initial  value  after  20  cycles.  After  1 00 
cycles,  the  discharge  capacity  was  decreased  to  8 1 .3%  of  its  initial  capacity,  which 
corresponds  to  the  0.187%  reduction  in  capacity  per  cycle.  Figure  5-9  (b)  shows  the 
discharge  curves  of  a Li-ion  cell  with  LiAl0.2Mni.8O4  film  cathode  in  the  range  of  2.5  ~ 
3.5  V discharged  at  25  pA/cm2  (1  C rate).  LiAl0.2Mni.8O4  film  initially  delivered  about 
33.17  pAh/cm  -pm,  which  is  equivalent  to  about  55.3%  of  the  theoretical  value  of 
LiMn204.  The  discharge  capacity  was  gradually  decreased  to  91 . 1 8%  of  its  initial  value 
after  20  cycles.  The  discharge  capacity  after  100th  cycle  was  decreased  to  82.52%  of  its 
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initial  capacity,  which  corresponds  to  the  0.175%  reduction  in  capacity  per  cycle.  Figure 
5-8  (c)  shows  the  discharge  curves  of  a Li-ion  cell  with  LiAlo.3Mn1.7O4  film  cathode  in 
the  range  of  2.5  ~ 3.5  V discharged  at  25  pA/cm2  (1  C rate).  The  first  discharge  capacity 
was  about  27.76  pAh/cm2-pm,  which  is  equivalent  to  about  46.25%  of  the  theoretical 
value  of  LiMn204.  The  discharge  capacity  was  gradually  decreased  to  97%  of  its  initial 
value  after  20  cycles.  The  discharge  capacity  after  100th  cycle  was  decreased  to  83.26% 
of  its  initial  capacity,  which  corresponds  to  the  0. 1 67%  reduction  in  capacity  per  cycle. 

The  specific  discharge  capacities  and  relative  capacities  of  LiAlxMn2_x04  thin  film 
(x  = 0.1,  0.2,  0.3)  cathodes  upon  cycling  are  shown  in  Figure  5-10  (a)  and  (b).  The 
cycling  behavior  of  undoped  LiMn204  thin  film  grown  at  the  same  condition  is  also 
shown  for  comparison.  From  the  results,  it  can  be  concluded  that  the  capacity  retention 
on  cycling  of  Al-doped  lithium  manganese  oxide  thin  film  cathodes  increased  with 
increasing  Al-substitution  content  in  spite  of  some  reduction  in  the  initial  discharge 
capacity,  which  is  in  a good  agreement  with  the  previous  reports  for  the  bulk  Al-doped 
lithium  manganese  oxide  powder  [MyuOl,  LeeOl], 

For  the  3 V region,  the  onset  of  Jahn-Teller  distortion  in  deeply  discharged 
LiMn204  electrodes  has  been  known  as  a major  cause  of  capacity  fading  on  repeated 
cycling  [Gum94,  Mas96],  The  insertion  of  Li  ions  into  empty  octahedral  sites  (16c)  to 
LixMn204  (l<x<2)  is  accompanied  by  a reduction  in  the  average  oxidation  state  of 
manganese  less  than  3.5.  The  presence  of  more  than  half  of  Jahn-Teller  ions  (Mn3+)  in  the 
host  structure  introduces  a transformation  from  cubic  to  tetragonal  {da  =1.16,  AV/V  = 
6%).  Upon  repeated  cycling,  this  distortion  is  too  severe  for  the  spinel  electrode  to  retain 
its  structural  integrity  resulting  in  either  deterioration  of  the  electrical  contact  between  the 


108 


surface  of  the  insertion  material  particles  or  a collapse  of  spinel  framework,  thereby  rapid 
capacity  loss  of  the  cathode.  It  has  been  reported  that  the  onset  of  Jahn-Teller  effect  was 
placed  at  even  x = 1.08  in  LixMn204  [Tha95],  Our  results  indicate  that  the  capacity 
retention  on  cycling  in  the  range  of  2.5  ~ 3.5  V was  increased  with  increasing  the  amount 
of  A1  doped  with  some  sacrifice  of  the  initial  discharge  capacity.  The  enhanced 
rechargeability  can  be  attributed  to  the  increased  oxidation  state  of  manganese  to  higher 
than  3.5  by  the  replace  of  Mn3+  with  Al3+,  which  might  delay  or  alleviate  the  Jahn-Teller 
effect  during  the  cycling.  From  the  decrease  in  lattice  constant  with  increase  of  A1  doped 
shown  in  Figure  5-3,  it  was  able  to  deduce  that  the  average  oxidation  state  of  manganese 
would  be  gradually  increased  in  proportion  to  the  augmentation  of  A1  content,  that  is, 

A1J+  should  replace  Mn3+  in  16d  site  in  the  cubic  spinel  structure.  XPS  results  also 
confirmed  that  relative  ratio  of  Mn3+  to  Mn4+  was  decreased  with  increasing  the  mount  of 
A1  doped,  indicating  an  increase  of  the  average  oxidation  state  of  manganese. 

AC  impedance  of  2,5  ~ 3.5  V region 

AC  impedance  spectra  at  the  open-circuit  voltage  of  as-received  LiAlxMn2.x04  (x  = 
0,  0.1,  0.2,  0.3)  thin  film  cathodes  are  shown  in  Figure  5-11.  The  spectra  showed  a typical 
Nyquist  plot  in  which  the  real  and  imaginary  impedances  are  drawn  as  a function  of  the 
given  frequency.  As  mentioned  in  chapter  2,  the  semicircle  in  the  high  frequency  region 
is  due  to  the  charge  transfer  reaction  at  the  interface  of  the  electrolyte/electrode,  and  the 
inclined  line  in  the  low  frequency  region  is  attributed  to  Warburg  impedance  that  is 
associated  with  lithium  diffusion  through  the  electrode  [Cho95].  It  can  be  qualitatively 
concluded  that  the  charge  transfer  resistance  was  increased  with  increasing  the  amount  of 
aluminum  substituted  because  the  diameter  of  semicircle  in  the  high  frequency  region 
was  increased  with  increasing  x of  LiAlxMn2.x04  thin  film  cathodes. 
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The  details  on  fitting  of  the  Nyquist  plots  obtained  using  the  modified  equivalent 
circuit  are  shown  in  the  Appendix.  Calculated  values  including  charge  transfer  resistance 
(Rct)  and  double  layer  capacitance  (Cdi)  are  shown  in  the  Table  5-1  with  the  calculated 
diffusion  coefficients  using  the  Randles-Sevcik  equation  from  the  cyclic  voltammetries 
[Ran48,  Sev48]. 

Table  5-1.  Parameters  calculated  from  the  AC  impedance  spectra  of  LiAlxMn2-x04  thin 
films  grown  by  PLD. 


X 

0 

0.1 

0.2 

0.3 

Rn  (Qcm2) 

7.733 

10.23 

8.302 

8.973 

± 0.29663 

± 0.22034 

±0.27188 

±0.28154 

Cdi(pF/cm2) 

2.4383 

2.4833 

2.5178 

2.6823 

±0.5807 

±0.2852 

±0.3371 

± 0.4009 

Rct  (Qcm2) 

66.71 

162.7 

200.6 

215.7 

± 3.0044 

± 5.3333 

± 9.4482 

± 18.962 

Dch  (cm2/s) 

3.177xl0'9 

2.779x10’'° 

2.761x10''° 

7.59xlO'10 

Ddisch  (cm  /s) 

3.033xl0'9 

4.079x10''° 

3.519xl0'10 

1.227x1  O'10 

There  was  no  significant  difference  in  the  electrolyte  resistance  (Rn),  which  was 
in  7 ~ 10  Qcm  for  all  films  regardless  of  the  amount  of  A1  doped.  Rn  can  be  easily 
determined  from  the  intercept  of  the  semicircle  and  the  abscissa  at  the  high  frequency 
region  on  the  Nyquist  plot.  The  double  layer  capacitance  was  increased  slightly  with 
increasing  of  A1  substituted  from  2.4383  pF/cm2  to  2.6823  pF/cm2  for  x = 0 and  x = 0.3 
in  LiAlxMn2-x04,  respectively.  The  charge  transfer  resistance  was  increased  with 
increasing  Al-substitution  content  as  expected  from  the  Nyquist  plot  shown  in  Figure  5- 
1 1 . The  increment  of  Rct  with  increasing  the  amount  of  aluminum  can  be  mainly 
attributed  to  the  increase  in  the  repulsive  interaction  between  lithium  positive-positive 
ions  at  the  surface  of  cathode  contacted  with  the  electrolyte  because  of  the  stronger  total 
metal-oxygen  bonding  in  the  structure  by  substitution  of  aluminum.  The  diffusion 


110 


coefficients  of  Li  ions  in  the  Al-doped  cathodes  were  one  order  of  magnitude  lower  than 
that  of  undoped  spinel  cathode  and  decreased  with  increasing  the  amount  of  aluminum 
doped.  The  reduction  in  diffusion  coefficients  of  Li  ions  in  the  Al-doped  spinel  can  be 
explained  by  changes  in  bonding  energy  between  metal  and  oxygen  bonding  [Joh97, 
MyuOl],  Since  the  stronger  bonding  of  Al-0  than  that  of  Mn-0  can  lead  to  the  restricted 
contraction  and/or  expansion  of  the  structure,  the  lithium  diffusion  through  8a-16c-8a 
path  during  intercalation/deintercalation  of  lithium  ions  into/from  the  structure  could  be 
affected  by  the  limited  crystal  lattice  contraction,  though  the  structure  is  stabilized  by  the 
A1  substitution.  Also,  some  of  A1  doped  occupied  at  empty  1 6c,  which  is  a path  of  Li+ 
diffusion,  might  hinder  the  Li  diffusion  leading  to  lower  diffusion  coefficients. 

Rate  capability  of  2.5  ~ 3.5  V region 

The  discharge  rate  capability  was  conducted  at  different  charge/discharge  current 
densities  after  50th  cycle  and  discharge  curves  for  the  Li-ion  cells  with  LiAlxMn2.x04 
films  in  the  range  of  2.5  ~ 3.5  V are  shown  in  Figure  5-12.  As  explained  in  chapter  4,  it  is 
evident  that  the  average  discharge  potential  of  discharge  curve  was  decreased  with 
increasing  the  discharge  current  density  applied  because  of  the  ohmic  drop  in  the 
electrolyte  and  polarization  due  to  an  overpotential  induced  by  the  kinetic  limitation.  The 
discharge  capacity  of  a thin  film  cathode  was  decreased  with  increasing  current  density. 
The  degree  of  reduction  in  discharge  capacity  with  increasing  current  density  became 
greater  as  the  value  of  x in  LiAlxMn2.x04  thin  films  was  increased  from  0. 1 to  0.3  shown 
in  Figure  5-12  (a),  (b)  and  (c). 

The  relative  capacity  with  increasing  discharge  current  density  up  to  10C  rate  is 
shown  in  Figure  5-13.  The  rate  capabilities  of  all  Al-doped  films  were  poorer  than  that  of 
undoped  spinel  LiMn204  film.  Even  at  5 C rate,  the  Al-doped  films  delivered  less  than 


60  % of  the  capacity  at  1 C rate  whereas  the  undoped  LiMn2C>4  film  maintained  about 
75  %.  The  capacity  at  10  C rate  was  about  49%,  46%,  30%  of  the  capacity  at  1 C rate  for 
x = 0.1,  0.2,  and  0.3  in  LiAlxMn2.x04  film,  which  is  much  less  than  that  of  undoped 
LiMn2C>4  film  (~  62%). 

It  should  be  noted  that  the  rate  capability,  which  represents  the  ability  to  charge 
and  discharge  at  high  current  required,  of  the  thin  film  cathodes  is  strongly  dependent 
upon  both  the  charge  transfer  at  the  interface  between  electrode  and  electrolyte  and  the 
diffusion  of  Li+  in  the  thin  film  cathodes.  The  higher  diffusion  coefficient  and  the  lower 
Rct,  the  higher  discharge  rate  capability  was  obtained  for  the  thin  film  cathodes.  Therefore, 
LiAlxMn2.x04  ( x = 0.1,  0.2,  0.3)  thin  film  cathodes  exhibited  the  lower  rate  capability 
than  undoped  LiMn204  thin  film  cathodes  because  both  charge  transfer  resistances  and 
diffusion  coefficients  were  decreased  with  increasing  the  amount  of  A1  substituted. 

Cyclic  voltammetry  of  2.5  ~ 4.5  V region 

As  performed  in  the  previous  chapter,  the  cells  with  A1  doped  lithium  manganese 
oxide  thin  film  cathodes  were  electrochemically  characterized  in  the  range  of  2.5  ~ 4.5  V 
to  verify  the  ability  of  the  cathodes  for  4 V region.  The  cyclic  voltammetries  of  Al-doped 
thin  film  cathodes  scanned  at  a sweep  rate  of  0.1  mV/s  are  shown  in  Figure  5-14.  As 
shown  in  the  3 V region  measurement,  each  cathode  showed  a distinct  pair  of  anodic  and 
cathodic  peaks  at  2.9  V and  2.7  V,  respectively.  One  interesting  feature  form  the  CV  of 
Al-doped  lithium  manganese  oxide  cathodes  is  the  4 V region,  which  became  less 
pronounced  with  increasing  x in  LiAlxMn2-x04.  There  were  two  sharp  peaks  in  the  4 V 
region  on  the  cyclic  voltammetry  of  undoped  LiMn204  thin  film  cathode  shown  in  Figure 
4-18  (b).  The  first  anodic  and  cathodic  peaks  at  3.95  and  4.05  V correspond  to  Li  ion 
extraction/insertion  between  LiMn204  and  Lio.5Mn204.  Furthermore,  the  second  anodic 
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and  cathodic  peaks  at  4.1  and  4.17  V correspond  to  Li  ion  extraction/insertion  between 
Lio.sM^CL  and  2X-Mn02  [Liu96].  The  disappearance  of  two  peaks  on  4 V region  can  be 
attributed  to  the  difference  in  ionic  radius  between  A1 ,+  and  Mn34 . The  substitution  of 
smaller  Al3+  for  Mn34  reduces  the  crystal  lattice  constants  and  increases  the  bonding  of 
Mn-0  as  well  as  the  strength  of  the  framework  of  the  intercalation  compound.  This  might 
induce  the  insertion/extraction  of  Li  ions  at  the  4 V region  in  single-phase  without 
undergoing  two-phase  reaction  between  the  unstable  cubic  Li0  5Mn204  and  A,-Mn02  at  4. 1 
V during  the  electrochemical  cycling. 

Discharge  capacity  and  cycling  behavior  of  2.5  ~ 4.5  V region 

The  initial  discharge  curves  of  LiAlxMn2-x04  thin  film  cathodes  are  shown  in 
Figure  5-15.  Both  charge  and  discharge  were  conducted  at  the  same  1 C rate.  The 
undoped  LiMn204  thin  film  cathode  has  two  plateaus  at  4 V region,  which  corresponds  to 
the  two  cubic  phases  of  Li0.5Mn2O4  and  X.-Mn02  while  Al-doped  thin  film  cathodes  show 
no  two-plateau  at  4 V region  as  expected  from  the  their  cyclic  voltammetries.  In  the  3 V 
region,  the  degree  of  flatness  on  the  discharge  curve,  which  has  been  known  as  an 
indicator  of  mixture  phase  of  cubic  and  tetragonal  due  to  the  Jahn-Teller  distortion,  was 
decreased  with  increasing  the  amount  of  A1  doped.  This  result  indicates  that  the  Al3+ 
substitution  for  MnJ+  at  1 6d  sites  may  help  to  maintain  the  structural  integrity  of  cathode 
on  charge/discharge,  resulting  in  a higher  resistance  to  the  phase  transformation. 

The  initial  discharge  capacity  of  3 V region  out  of  2.5  ~ 4.5  V was  decreased  as 
the  amount  of  A1  was  increased,  which  is  in  a good  accordance  with  the  results  from  the 
cycling  behavior  performed  in  only  2.5  ~ 3.5  V region.  As  shown  in  3 V region  out  of  2.5 
~ 4.5  V,  the  initial  discharge  capacities  at  4 V region  out  of  2.5  ~ 4.5  V of  Al-doped  thin 


113 


film  cathodes  were  less  than  that  of  undoped  thin  film  cathode  and  decreased 
significantly  with  increasing  the  amount  of  A1  substituted.  This  behavior  is  ascribed  to 
the  decrease  in  the  Mn3+  amount  available  for  the  oxidation  to  Mn4+  by  the  substitution  of 
AF+  for  Mn3+.  At  x = 0.3,  the  initial  discharge  capacity  of  4 V out  of  2.5  ~ 4.5  V was  less 
than  half  of  that  obtained  from  the  undoped  spinel  cathode.  Therefore,  the  whole 
discharge  capacity  of  2.5  ~ 4.5  V was  reduced  as  the  amount  of  A1  substituted  was 
increased.  The  initial  discharge  capacity  of  LiAlxMn2-x04  thin  film  cathodes  for  x = 0,  0.1, 
0.2,  0.3  in  the  range  of  2.5  ~ 4.5  V was  68.83  pAh/cm2pm,  57.73  pAh/cnr-pm,  49.54 
pAh/cm'-pm,  and  38.66  pAh/cm  -pm,  respectively. 

The  discharge  curves  on  cycling  of  LiAlxMn2.x04  thin  film  cathodes  in  the  range 
of  2.5  ~ 4.5  V at  1 C rate  are  shown  in  Figure  5-16.  From  the  results  on  discharge 
behaviors  of  Al-doped  lithium  manganese  oxide  thin  film  cathodes,  it  can  be  concluded 
that  the  rechargeability,  that  is  capacity  retention  on  cycling  at  both  3 V and  4 V regions, 
was  improved  with  increasing  the  amount  of  aluminum  substituted  with  some  sacrifice  of 
initial  discharge  capacity.  This  behavior  can  be  more  clearly  seen  in  Figure  5-17  (a)  and 
(b)  in  which  the  specific  and  relative  capacities  in  the  range  of  2.5  - 4.5  V of  the 
LiAlxMn2.x04  thin  film  cathodes  are  shown  up  to  1 00lh  cycle.  The  undoped  spinel 
LiMn204  thin  film  cathode  in  the  range  delivered  the  highest  discharge  capacity  about  69 
pAh/cm  -pm  but  exhibited  the  fastest  capacity  fade  on  cycling.  On  the  contrary, 
LiAlo.3Mn1.7O4  showed  the  best  capacity  retention  after  100th  cycle  maintaining  about 
88  % of  its  first  capacity  though  it  delivered  the  lowest  initial  discharge  capacity  of  38.66 
pAh/cm2  pm.  The  improved  rechargeability  of  LiAlxMn2_x04  thin  film  cathodes  in  2.5  ~ 
4.5  V is  considered  to  be  due  to  the  enhanced  capacity  retention  on  both  3 V (2.5  ~ 4.5  V) 
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and  4 V (3.5  ~ 4.5  V)  regions.  The  effects  of  3 V behavior  on  the  better  capacity  retention 
ofLiAlxMn2.x04  thin  film  cathodes  in  2.5  ~ 4.5  V were  previously  mentioned. 

In  the  4 V region,  it  has  been  reported  that  the  capacity  fade  on  cycling  is  mainly 
related  to  two  irreversible  phenomena;  structural  change  and  the  relation  between  the 
electrode  and  electrolyte  (dissolution)  [LeeOO,  Zha02],  Undoped  spinel  LiMn204 
underwent  the  structural  transition  into  two  unstable  cubic  phases  such  as  Li0.5Mn2O4  and 
Z-Mn02  during  Li  ion  deintercalation  and  therefore,  the  capacity  loss  of  spinel  LiMn204 
was  larger  than  that  of  Al-doped  cathodes.  The  voltage  profile  on  the  discharge  curves  of 
LiAlxMn2.x04  thin  film  cathodes  ( x = 0.1,  0.2,  0.3)  in  Figure  5-15  showed  Li  ion 
intercalation/deintercalation  occurred  in  single-phase  because  there  were  no  plateaus  in 
the  discharge  curve  unlike  that  in  undoped  LiMn204  thin  film  cathode,  which  had  two 
potential  plateaus  at  3.9  and  4.1  V regions.  The  disappearance  of  two  potential  plateaus 
can  be  ascribed  to  the  strong  repulsive  interaction  between  lithium  positive-positive  ions 
in  the  oxide  lattice  by  the  substitution  of  aluminum.  Xia  et  al.  reported  that  capacity  loss 
of  LiMn204  between  3.9  and  4.2  V was  due  to  the  intercalation/deintercalation  of  lithium 
ion  proceeding  in  the  unstable  two  cubic  phases,  Li0.5Mn2O4  and  Z-Mn02  at  around  4. 1 5 
V [Xia95],  According  to  our  results,  LiAlxMn2.x04  thin  film  cathodes  (x  = 0.1, 0.2,  0.3) 
maintained  a homogeneous  phase  during  the  insertion  and  extraction  of  lithium  ions  in 
the  framework.  Such  structural  stability  during  the  electrochemical  cycling  can  improve 
the  rechargeability  (capacity  retention)  of  LiAlxMn2_x04.  Since  the  strength  of  bonding  of 
Al-0  is  greater  than  that  of  Mn-0  based  on  the  standard  Gibbs  energies  of  formation 
[Lid95],  LiAlxMn2.x04  would  possess  higher  structural  stability.  Therefore,  the  severe 
expansion/contraction  of  the  cubic  structure  with  electrochemical  lithium 
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insertion/extraction  was  avoided  and  the  manganese  dissolution  from  the  oxide  into  the 
electrolyte  was  suppressed,  resulting  in  improved  capacity  retention  upon  cycling. 

Summary 

LiAlxMn2-x04  thin  film  cathodes  have  been  grown  in  the  oxygen  of  500  mtorr  at 
500°C.  XRD  showed  that  there  was  no  impurity  phase  other  than  a cubic  spinel  phase  as 
LiMn204.  The  lattice  constant  of  the  thin  film  was  decreased  with  increasing  the  amount 
of  A1  doped  because  the  smaller  Al3+  replaced  the  larger  Mn3+  at  the  octahedral  sites  in 
the  oxide  framework.  SEM  showed  no  significant  difference  in  grain  size  of  50  ~ 70  nm 
and  morphology  among  the  LiAlxMn2.x04  (x  = 0.1,  0.2,  0.3)  thin  film  cathodes.  XPS 
showed  the  aluminum  is  present  in  the  cathode  as  an  ion  bonded  with  neighboring 
oxygen  not  a metallic  inclusion.  In  addition,  the  binding  energy  of  oxygen  was  increased 
with  increasing  the  amount  of  Al-substitution  due  to  the  enhanced  metal-oxygen  bonding. 

The  initial  discharge  capacity  of  LiAlxMn2.x04  thin  film  cathodes  in  the  range  of 
2.5  ~ 3.5  V was  less  than  that  of  undoped  LiMn204  thin  film  cathode  and  decreased  with 
increasing  the  amount  of  A1  doped  because  the  content  of  Mn3+,  which  determines  the 
discharge  capacity,  was  reduced  by  A1  substitution.  However,  the  capacity  retention  upon 
cycling  in  the  3 V region  was  increased  with  increasing  A1  substitution  content.  It  might 
be  due  to  the  increase  in  the  average  oxidation  state  of  manganese  resulting  in  the 
restriction  or  delay  of  the  Jahn-Teller  distortion,  which  has  been  known  as  a major 
mechanism  for  capacity  fade  in  the  3 V region. 

The  charge  transfer  resistance  was  increased  with  increasing  A1  substitution  content 
since  A1  doping  induces  the  increment  of  interaction  energy  of  the  cathode  due  to  the 
increased  repulsive  interaction  between  Li  positive-positive  ions.  The  diffusion 
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coefficient  of  Li+  in  the  cathode  was  decreased  with  increasing  the  amount  of  A1 
substituted.  It  might  be  due  to  the  decrease  in  size  of  the  lattice  structure,  which  hinders 
the  intercalation/deintercalation  of  Li  ions  with  some  degree.  Therefore,  the  rate 
capability  of  Al-doped  lithium  manganese  oxide  thin  film  cathode  was  lower  than  that  of 
undoped  thin  film  cathode  and  decreased  with  increase  in  the  amount  of  A1  doped. 

The  initial  discharge  capacity  of  LiAlxMn2_x04  thin  film  cathodes  in  the  range  of 
2.5  ~ 4.5  V was  less  than  that  of  undoped  LiMn204  thin  film  cathode  and  decreased  with 
increasing  the  amount  of  A1  doped.  The  initial  discharge  capacities  at  4 V region  out  of 
2.5  ~ 4.5  V of  Al-doped  thin  film  cathodes  were  less  than  that  of  undoped  thin  film 
cathode  and  decreased  significantly  with  increasing  the  amount  of  A1  substituted  because 
of  the  decrease  in  the  Mn3+  amount  available  for  the  oxidation  to  Mn4+  by  the  substitution 
of  Al3+  for  Mn3+.  However,  the  capacity  retention  upon  cycling  was  higher  than  that  of 
undoped  LiMn204  thin  film  cathode  and  increased  with  increasing  the  amount  of  A1 
doped.  It  is  considered  that  the  improved  capacity  retention  of  Al-doped  LiMn204  thin 
film  cathodes  at  4 V region  is  due  to  the  stronger  bonding  between  aluminum  and  oxygen 
in  the  framework  structure  leading  to  the  increased  structural  stability,  which  can  prevent 
unstable  two-phase  transition  and  severe  dissolution  of  manganese  into  the  electrolyte. 

In  summary,  the  rechargeability  of  LiMn204  thin  film  cathode  at  both  3 and  4 V 
regions  was  enhanced  when  Al3+  was  substituted  for  Mn3+  in  spite  of  some  sacrifice  of 
the  discharge  capacity.  It  is  reasonable  to  note  that  A1  doping  suppresses  the  Jahn-Teller 
distortion  and  increases  the  stability  of  cathode  to  maintain  the  structural  integrity  during 
repeated  intercalation/deintercalation  of  lithium,  resulting  in  higher  capacity  retention. 
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Figure  5-2.  XRD  of  LiAlxMn2.x04  thin  films  grown  in  500  mtorr  of  O2  at  500°C:  (a)  x = 
0.1,  (b)  x = 0.2,  and  (c)  x = 0.3. 


Figure  5-3.  Lattice  constants  of  Li AlxMn2.x04  targets  and  thin  films  grown  in  500  mtorr 
of  O2  at  500°C. 
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Figure  5-4.  SEM  micrographs  of  (a)  LiAlo.1Mn1.9O4  and  (b)  LiAlo.2Mn1.8O4  thin  films 
grown  in  500  mtorr  of  O2  at  500°C. 
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Figure  5-5.  XPS  survey  scan  of  LiAl03Mni  704  thin  film  grown  in  500  mtorr  of  02  at 
500°C. 
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Figure  5-6.  O Is  spectra  of  LiAlxMn2-x04  thin  film  grown  in  500  mtorr  of  02  at  500°C: 
(a)  x = 0.1,  (b)  x = 0.2,  and  (c)  x = 0.3. 
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Figure  5-7.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04  thin  films 
grown  in  500  mtorr  of  02  at  500°C. 
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Figure  5-8.  The  first  discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2_x04  thin 
films  grown  in  500  mtorr  of  02  at  500°C. 
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Figure  5-9.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  (a)  LiAlo.1Mn1.9O4,  (b) 

LiAlo.2Mni  8O4,  and  (C)  LiAlo3Mni  7O4  thin  films  grown  in  500  mtorr  of  O2  at 
500°C. 
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Figure  5-10.  Discharge  capacity  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2-x04  thin  films 
grown  in  500  mtorr  of  O2  at  500°C:  (a)  Specific  discharge  capacity  and  (b) 
Relative  discharge  capacity. 
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Figure  5-11.  AC  impedance  spectroscopies  of  LiAlxMn2.x04  thin  films  grown  in  500 
mtorr  of  02  at  500°C. 
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Figure  5-12.  Discharge  curves  at  different  current  densities  of  (a)  LiAlo.1Mn1.9O4,  (b) 

LiAlo.2Mni  8O4,  and  (c)  LiAlojMni  7O4  thin  films  grown  in  500  mtorr  of  O2  at 


500°C. 
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Figure  5-13.  Discharge  rate  capability  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2-x04  thin 
films  grown  in  500  mtorr  of  O2  at  500°C. 
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Figure  5-14.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2-x04  thin 
films  grown  in  500  mtorr  of  02  at  500°C:  (a)  x = 0. 1 , (b)  x = 0.2,  and  (c)  x = 
0.3. 
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Figure  5-15.  The  first  discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2-x04  thin 
films  grown  in  500  mtorr  of  02  at  500°C.  Discharged  at  1 C rate. 
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Figure  5-16.  Discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  (a)  LiAl0  |Mn]  Q04,  (b) 

LiAlo.2Mni  804,  and  (C)  LiAlo.3Mn1.7O4  thin  films  grown  in  500  mtorr  of  O2  at 
500°C.  Discharged  at  1 C rate. 
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Figure  5-17.  Discharge  capacity  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2-x04  thin  films 
grown  in  500  mtorr  of  O2  at  500°C:  (a)  Specific  discharge  capacity  and  (b) 
Relative  discharge  capacity. 


CHAPTER  6 

EFFECT  OF  ULTAR-VIOLET  RADIATION  ON  THE  ELECTROCHEMICAL 
CHARACTERISTICS  OF  LITHIUM  MANGANESE  OXIDE  THIN  FILM  CATHODES 

Introduction 

Jahn-Teller  distortion  has  been  known  as  one  of  main  reasons  for  the  capacity  fade 
on  cycling  primarily  at  3 V and  4 V in  a deeply  discharged  state.  Several  strategies  have 
been  pursued  over  the  years  to  overcome  the  difficulties  of  the  spinel  LiMn204  cathodes. 
One  important  strategy  is  to  develop  spinel  manganese  oxides  with  a higher  oxidation 
state  of  manganese  because  the  high  oxidation  state  of  manganese  can  suppress  or  delay 
the  occurrence  of  Jahn-Teller  distortion  upon  intercalation/deintercalation.  With  this 
perspective,  the  Li-Mn-0  system  has  been  investigated  by  several  research  group  trying 
to  synthesize  the  defect  (oxygen-rich)  spinel  lithium  manganese  oxide,  which  can  be 
represented  as  Li1.6Mn2.2sO4(0<8<0.1 1).  Kock  et  al.  reported  the  defect  spinel  LEMmA 
(8  = 0. 1 1)  was  synthesized  at  400  C with  lithium  and  manganese  carbonates  and 
confirmed  by  neutron  diffraction  as  a notation  [Li  0.89i  o.nMMn  L78i  o.n]i6d04  where  i 
represents  vacancies  [Koc90],  The  additional  oxygen  concentration  which  created  defects 
on  the  8a  (tetragonal)  and  16d  (octahedral)  sites  gave  LEMoA  a significantly  great 
theoretical  electrode  capacity  (213  mAh/g)  as  discharged  to  the  rock  salt  composition 
LRMnA  (3  Li+  per  unit  formula)  at  3 V region.  Defect  spinel  (Li2MnA.g)  containing 
lithium  and  manganese  vacancies  showed  much  better  cyclability  (less  capacity  fade) 
than  stoichiometric  spinel  electrode  at  3 V region  due  to  the  increase  in  the  average 
oxidation  state  of  Mn.  resulting  in  the  suppression  of  the  Jahn-Teller  distortion  [Mas96], 
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Also  L^MotCVs  with  0.36  <8  < 0.46  showed  a reversible  capacity  of  about  130  mAh/g 
in  the  range  of  2 ~ 3.8  V with  excellent  cyclability  [ChoOO], 

In  addition  to  3 Y region,  Xia  et  al.  reported  that  the  optimized  defect  spinels  could 
be  reversibly  cycled  with  excellent  rechargeability  relatively  to  the  spinel  LiMn204  at  4 V 
region  at  the  expense  of  slight  loss  of  capacity  [Xia96c,  Xia97b],  They  interpreted  that 
the  improvement  of  cyclability  in  oxygen-rich  spinel  was  attributed  to  the  small  unit  cell 
in  which  a homogenous  insertion/extraction  could  proceed  over  the  entire  region.  They 
proposed  the  optimized  Li-Mn-0  compositions  of  spinel  to  obtain  both  reasonable 
capacity  and  improved  rechargeability  in  the  4 V region. 

The  use  of  ultraviolet  radiation  has  been  explored  as  a method  of  providing  a more 
reactive  environment  thereby  enabling  lower  temperature  processing  to  be  used.  Kazor  et 
al.  reported  that  the  radiation  from  a low  pressure  mercury  lamp  enhanced  the  low 
temperature  oxidation  of  Si  by  up  to  a factor  of  50  [Byo93,  Kaz92],  They  also  proposed 
that  the  enhanced  oxidation  was  attributed  to  the  formation  of  oxygen  atoms  and  ozone, 
which  is  known  to  be  stronger  oxidizing  agent  than  molecular  oxygen,  by  the 
photodissociation  of  UV  light.  By  using  this  beneficial  effect  of  UV  radiation,  the 
ultraviolet-assisted  PLD  (UVPLD)  can  dissociate  molecular  oxygen  and  form  ozone  and 
atomic  oxygen,  which  serve  as  more  reactive  gaseous  species.  It  is  therefore  expected 
that  using  in  situ  UV  source  capable  of  dissociating  oxygen  molecules  during  the  PLD 
process,  an  even  more  significant  improvement  in  the  quality  of  the  grown  layers, 
especially  at  low  substrate  temperatures,  could  be  achieved.  It  is  known  that  there  is 
typically  an  oxygen  deficiency  in  the  films  with  respect  to  the  targets  even  though  PLD  is 
an  excellent  technique  for  the  stoichiometric  transfer  of  the  target  material  to  the  growing 
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film.  Thus,  the  effort  for  creating  more  reactive  oxygen  species  using  in  situ  UV  radiation 
would  be  more  effective  to  increase  oxygen  concentration  in  the  thin  film  cathodes, 
leading  to  the  oxygen-rich  spinel. 

In  this  experiment,  the  defect  spinel  having  vacancies  at  tetragonal  and  octahedral 
sites  has  been  pursued  to  suppress  the  effect  of  Jahn-Teller  distortion  on  the  capacity  fade 
on  cycling  through  the  increase  in  the  oxidation  state  of  manganese  in  the  thin  film 
cathodes.  In  addition,  the  combination  of  aluminum  doping  with  defect  spinel  has  been 
examined  to  enhance  the  capacity  retention  with  respect  to  a typical  undoped  spinel 
structure. 

Experimental 

Targets  used  in  this  section  of  experiment  were  LiAlxMn2.x04  (x  = 0,  0. 1 , 0.2,  0.3), 
which  are  the  same  as  those  used  in  the  previous  chapters.  Thin  film  cathodes  were 
grown  in  the  oxygen  atmosphere  of  500  mtorr  at  400°C  and  500°C  for  undoped  spinel  and 
500°C  for  Al-doped  spinel,  respectively.  All  procedures  performed  were  the  same  as  the 
conventional  PLD  process  except  for  the  UV  setup.  A pair  of  low  pressure  Hg  lamps  was 
mounted  inside  the  vacuum  chamber  and  turned  on  once  the  desired  oxygen  pressure  and 
temperature  were  reached.  The  structural  characterizations  and  electrochemical 
measurements  were  conducted  as  mentioned  in  the  previous  chapters. 

Results  and  Discussions 

Structural  Characterizations 

Figure  6-1  compares  X-ray  diffraction  of  LiMn04  films  grown  in  the  oxygen  of 
500  mtorr  at  500°C  by  UVPLD  (a)  and  conventional  PLD  (b).  The  figure  shows  that  the 
X-ray  diffraction  peaks  are  qualitatively  similar  for  both  spectra  with  exception  that  the 
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peaks  in  the  UVPLD  film  are  much  sharper,  indicating  a higher  degree  of  crystallinity 
and  peaks  in  the  UVPLD  film  are  slightly  shifter  to  the  higher  angles.  The  FWHM  of  the 
(111)  peak  grown  by  PLD  was  0.54  while  that  of  UVPLD  was  0.42.  Also,  the  peak 
corresponding  to  (400)  plane  was  distinguished  from  the  stainless  steel  substrate  in  the 
UVPLD  film  due  to  the  higher  crystallinity  and  shifting  to  the  higher  angle.  For  the  Al- 
doped  thin  film  cathodes,  the  XRD  of  LiAlo.2Mn1.gO4  film  grown  by  UVPLD  and  PLD  in 
the  O2  of  500  mtorr  at  500°C  are  shown  in  Figure  6-2  (a)  and  (b),  respectively.  There  was 
no  detectable  peak  corresponding  to  other  phases  as  impurities  in  both  PLD  and  UVPLD 
grown  Al-doped  lithium  manganese  oxide  films.  As  shown  in  Figure  6-1 , peaks  in  the 
LiAlo,2Mni  8O4  film  grown  by  UVPLD  showed  a higher  crystallinity  and  were  shifted  to 
the  higher  angles. 

The  lattice  constants  calculated  from  XRD  data  of  LiAlxMn2-x04  grown  by  UVPLD 
and  PLD  are  shown  in  Figure  6-3  as  a function  of  x in  the  films,  which  are  0,  0.1,  0.2  and 
0.3.  As  the  case  in  the  PLD  condition  reported  in  the  previous  chapter,  the  lattice 
constants  of  Al-doped  films  grown  by  UVPLD  were  decreased  with  increasing  of  the 
amount  of  A1  substituted  owing  to  the  replacement  of  larger  Mn3+  with  smaller  Al3+.  A 
more  interesting  feature  is  the  difference  in  lattice  constants  of  films  grown  by  UVPLD 
with  respect  to  those  of  PLD  for  both  undoped  and  Al-doped  thin  film  cathodes.  All  films 
grown  by  UVPLD  exhibited  a much  smaller  lattice  constants  compared  to  those  of  films 
grown  by  PLD.  For  undoped  LiMn204  film  grown  by  UVPLD  in  the  02  of  500  mtorr  at 
500  C lattice  constant  was  8.1672  A,  which  is  close  to  the  value  of  oxygen-rich  spinel 
[Tha92].  Due  to  the  similarity  of  the  peaks  in  XRDs,  it  is  not  easily  distinguished  a 
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defective  spinel  from  the  stoichiometric  spinel  structure.  Thus,  further  confirmation  by 
XPS  was  required. 

SEM  micrographs  of  thin  film  cathodes  grown  by  UVPLD  are  shown  in  Figure  6-4. 
Undoped  LiMn204  film  showed  a relatively  smooth  and  dense  surface  with  small  grains 
of  fairly  homogenous  size  in  the  range  of  150  nm  in  length  and  50  nm  in  width. 
LiAlxMn2-x04  (x=  0.1,  0.3)  films  showed  uniform  grains  in  shape  and  size  of  50  ~ 70  nm 
but  much  less  agglomeration  than  in  Al-doped  films  grown  by  PLD. 

Figure  6-5  shows  the  high  resolution  of  Mn  2p  peaks  of  undoped  and  Al-doped 
lithium  manganese  oxide  films  grown  by  UVPLD  at  500°C.  The  Mn  2p3/2  peak  was 
deconvoluted  with  three  Gaussian  peaks,  which  are  shown  as  letter  A,  B,  and  C.  As 
mention  in  chapter  4,  the  peaks  at  641  ~ 641 .3  eV  and  642.2  ~ 642.8  eV  can  be  assigned 
to  MnJ+  and  Mn4+,  respectively  [DiC89,  Eri02],  The  peaks  at  644.4  ~ 645  eV  may 
represent  either  a higher  oxidation  state  of  manganese  or  peak  related  to  impurities.  By 
comparing  the  ratio  of  Mn3+  to  Mn4+  the  average  oxidation  state  of  Mn  was  determined. 
When  compared  with  undoped  and  Al-doped  thin  film  cathodes  grown  by  PLD,  the 
UVPLD  films  showed  a higher  content  of  Mn4+,  indicating  that  the  average  oxidation 
state  of  manganese  was  increased  by  the  UV  radiation.  For  example,  the  value  n of  Mnll+ 
was  increased  from  3.512  for  undoped  PLD  film  to  3.551  for  undoped  UVPLD  film.  For 
LiAlo.iMni  9O4  films,  the  average  oxidation  state  of  manganese  was  increased  by  UVPLD 
from  3.517  to  3.624.  Also,  the  relative  atomic  ratio  of  O/Mn  for  UVPLD  films  was  larger 
than  those  form  the  films  grown  by  PLD  for  both  un-doped  and  Al-doped  LiMn204.  The 
ratio  of  O/Mn  was  increased  from  2.046  for  un-doped  PLD  film  to  2.23 1 for  undoped 
UVPLD  film.  The  content  of  Mn',f  in  the  Al-doped  lithium  manganese  oxide  films  grown 
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by  UVPLD  was  significantly  decreased  by  the  combination  of  replacement  of  Mn3+  by 
Al3+  and  the  more  oxygen  content  by  UV  radiation.  Thus,  it  can  be  concluded  that  UV 
radiation  increased  the  content  of  oxygen  in  the  films,  leading  to  a higher  oxidation  state 
of  manganese  to  maintain  the  charge  neutrality. 

From  the  smaller  lattice  constant,  more  oxygen  content,  and  less  content  of  Mn3+,  it 
is  reasonable  to  note  that  lithium  manganese  oxide  films  grown  by  UVPLD  might  be 
identified  as  an  oxygen-rich  spinel(LiMn204+s),  which  is  also  known  as  a defect  spinel 
(Li1.sMn2.25O4)  with  vacancies  on  tetragonal  (8a)  and  octahedral  ( 16d)  sites.  In  this 
chapter,  either  formula  was  used  to  refer  the  thin  film  cathodes  grown  by  UVPLD. 
Electrochemical  Characteristics 

Electrochemical  behavior  of  oxygen-rich  spinel  cathode  of  2.5  ~ 3.5  V region 

In  order  to  ensure  the  electrochemical  characteristics  of  oxygen-rich  (defect)  spinel 

a thin  film  cathode  was  grown  by  UVPLD  in  the  02  of  500  mtorr  at  400°C.  It  has  been 
reported  that  oxygen-rich  (defect)  spinel  was  obtained  at  400°C  by  reaction  of  Li2C03 
and  MnC03  [Koc90,  Tha92],  LiMn204+g  film  grown  by  UVPLD  at  400°C  even  showed  a 
smaller  lattice  constant,  larger  average  oxidation  state  of  Mn,  and  larger  O/Mn  than  the 
film  grown  by  UVPLD  at  500°C,  indicating  that  the  film  grown  at  400°C  was  much  close 
to  the  oxygen-rich  spinel  compared  with  the  film  grown  at  higher  temperature  (500°C). 

Figure  6-6  displays  cyclic  voltammogram  for  LiMn204+s  thin  film  grown  by 
UVPLD  at  400°C  in  500  mtorr  of  oxygen  between  2.5  and  3.5  V at  various  sweep  rates  of 
0.1  ~ 1.6  mV/s.  The  3 V process  characterized  by  a peak  at  2.8  V on  discharge  and  a 
peak  at  3.1  V on  charge  was  obtained.  The  lithium  insertion/extraction  reaction  appeared 
to  be  reversible  in  this  potential  range.  The  shape  of  the  voltammogram  was  strongly 
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dependent  upon  the  sweep  rate.  An  increase  in  sweep  rate  was  correlated  with  a 
progressive  shift  of  the  anodic  peaks  to  higher  potential  as  well  as  increase  in  height.  On 
contrary,  the  cathodic  peaks  were  shifted  to  lower  potential  and  the  height  of  them  was 
increased  as  the  sweep  rate  is  increased.  This  behavior  is  very  similar  to  the  results 
obtained  previously  for  the  films  grown  by  PLD. 

The  discharge  curves  up  to  100th  cycle  of  LiMn204+8  thin  film  grown  by  UVPLD  at 
400°C  is  shown  in  Figure  6-7.  Charge/discharge  reactions  were  performed  at  1 C rate  of 
current  density  in  the  range  of  2.5  ~ 3.5  V.  The  first  discharge  capacity  was  about  37.47 
pAh/cm  -pm,  which  is  larger  than  that  of  the  film  grown  by  PLD  at  the  same  temperature 
and  oxygen  pressure.  The  discharge  capacity  was  increased  until  the  10th  cycle  because 
the  cell  might  be  stabilized  during  the  first  several  cycles  and  then  gradually  decreased. 

At  100th  cycle,  the  discharge  capacity  was  about  98. 1 1%  of  its  initial  capacity,  which 
corresponds  to  the  0.0189%  reduction  in  capacity  per  cycle  from  the  initial  discharge. 
LiMn204+5  thin  film  grown  by  UVPLD  at  400°C  showed  10  times  higher  rechargeability 
than  the  film  grown  by  PLD  at  400°C,  which  was  0. 1 805%  per  cycle. 

An  isothermal  phase  diagram  of  the  Li-Mn-0  is  introduced  to  explain  the  higher 
capacity  and  capacity  retention  on  cycling  of  oxygen-rich  (defect)  spinel  film  grown  by 
UVPLD  in  Figure  6-8  [Tha92],  Stoichiometric  spinel  phases  lie  on  the  tie  line  between 
Mn304  and  Li4Mn50i2  while  phases  with  a rock  salt  stoichiometry  are  located  on  the  tie 
line  between  MnO  and  Li2Mn03.  Manganese  oxide  defect  spinels  are  located  between 
Mn204  and  A.-Mn02  and  lithium  manganese  oxide  defect  spinels  are  positioned  on  the 
line  between  Li4MnsOi2and  L-Mn02.  The  dotted  lines  represent  lithium 
insertion/extraction  between  spinel  and  rock  salt  stoichiometry.  During  the  lithium 
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insertion  into  spinel,  th^  cations  in  the  tetrahedral  sites  are  cooperatively  displaced  by  the 
inserted  Li+  ions  into  neighboring  octahedral  sites.  Thus,  the  area  1 and  II  represent 
regions  of  defect  spinel  and  defect  rock  salt  structure,  respectively.  When  oxygen-rich 
(defect)  spinel  LLMojOg  (5  = 0.5  in  LiMn204+s  or  6 = 0.1 1 in  Li|.8Mn2.2S04)  is 
discharged  to  rock  salt  Li5Mn409,  the  theoretical  discharge  capacity  at  3 V is  213  mAh/g 
[Koc90],  which  is  much  greater  than  148  mAh/g  for  LiMn204  when  it  is  discharged  to  the 
rock  salt  Li2Mn204.  The  additional  oxygen  concentration,  which  creates  defects  on  the 
tetrahedral  (8a)  and  octahedral  (16d)  sites,  gives  Li2Mn409  a significantly  greater 
theoretical  capacity  than  LiMn204  However,  the  utilizable  reversible  capacity  in  the 
range  of  2.3  ~ 3.3  V region  during  cycle  is  limited  to  approximately  160  mAh/g  because 
extraction  of  Li  ions  inserted  during  the  first  discharge  requires  a charge  voltage  higher 
than  4 V to  regenerate  the  defect  spinel  LLMrqCL  [ChoOO,  Tha92],  Therefore,  it  should 
be  noted  that  the  real  initial  discharge  capacity  of  the  oxygen-rich  spinel  at  3 V region 
(2.5  ~ 3.5  V)  might  have  been  greater  than  the  initial  discharge  capacity  obtained  from 
the  first  cycle  because  the  cathodic  scan  from  the  open  circuit  voltage  to  2.5  V was  firstly 
performed  in  the  CV  measurement  even  before  cycling. 

The  complete  discharge  of  the  oxygen-rich  spinel  Li2Mn409to  rock  salt  Li5Mn409, 
in  spinel  notation  can  be  represented  as  below; 

[Li  0.891-0.1  l]8a[Mn  l.78Do.ll]l6d04  l33Ll  > [Li  2] i6c[Mn|  78Li().22] I6d04  (6.1) 

The  cubic  symmetry  is  maintained  until  approximately  0.88  Li  ions  are  inserted  into  [Li 
o.89Do.n]8a[Mn  i.78Do.n]i6d04.  Further  insertion  of  Li  ions,  which  lowers  the  average 
oxidation  state  of  manganese  below  3.5,  induces  the  Jahn-Teller  distortion.  In  case  of 
spinel  LiMn204,  it  has  been  reported  that  the  onset  of  Jahn-Teller  effect  is  placed  at  even 
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x = 0.08  in  Lii+xMn204  when  Li  ions  are  inserted  into  LiMn204  [Tha95].  In  addition,  the 
distortion  due  to  the  Jahn-Teller  effect  is  not  as  pronounced  in  oxygen-rich  (defect)  spinel 
Li2+xMn409  {c/a  = 1.14)  as  it  is  in  Li  i+xMn204  {c/a  =1.16)  [Tha92], 

It  can  be  concluded  that  the  higher  discharge  capacity  of  oxygen-rich  spinel 
LiMn204+g  thin  film  grown  by  UVPLD  than  that  of  the  film  grown  by  PLD  is  attributed 
to  the  increased  amount  of  Li  intercalation  due  to  the  vacancies  at  both  tetrahedral  and 
octahedral  sites.  Improved  capacity  retention  on  cycling  of  the  oxygen-rich  spinel 
LiMn204+6  thin  film  grown  by  UVPLD  with  respect  to  thin  film  grown  by  PLD  can  be 
accounted  by  the  higher  average  oxidation  state  of  manganese,  which  can  suppress  and 
delay  the  onset  of  the  Jahn-Teller  distortion. 

The  discharge  rate  capability  of  LiMn204+8  thin  film  grown  by  UVPLD  at  400°C 
was  conducted  at  different  charge/discharge  current  densities  up  to  10C  rate  as  shown  in 
Figure  6-9.  The  films  exhibited  slightly  lower  rate  capability  than  that  of  the  film  grown 
by  PLD,  indicating  that  it  may  have  a lower  diffusion  coefficient  of  Li+  and  higher  Rct 
The  details  on  diffusion  coefficient  of  Li+  and  charge  transfer  will  be  reported  later  in  CV 
and  AC  impedance  measurements. 

Cyclic  voltammetry  and  discharge  capacity  of  2.5  ~ 3.5  V region 

Figure  6-10  shows  the  cyclic  voltammograms  of  the  LiAlxMn2.x04+g  films  (x  = 0, 
0.1,  0.2,  0.3)  grown  by  UVPLD.  The  CVs  were  measured  in  the  range  of  2.5  ~ 3.5  V at 
the  sweep  rate  of  0.1  mV/s.  Each  CV  showed  a pair  of  distinct  anodic  and  cathodic  peaks, 
which  are  located  around  2.9  V and  2.7  V,  respectively.  Anodic  peak  and  cathodic  peak 
clearly  reflect  reversible  oxidation  and  reduction  reactions  corresponding  to  lithium 
extraction  and  insertion,  respectively. 
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The  initial  discharge  curves  of  LiAlxMn2-x04+s  thin  films  (x  = 0,  0.1,  0.2,  0.3) 
grown  by  UVPLD  are  shown  in  Figure  6-11.  All  cells  with  thin  film  cathodes  were 
discharged  in  the  range  of  2.5  ~ 3.5  V at  1 C rate.  The  initial  discharge  potential  was 
slightly  decreased  with  increasing  the  amount  of  A1  substituted.  This  potential  drop  with 
A1  doping  can  be  ascribed  to  the  increase  of  free  energy  in  the  system  due  to  the 
formation  of  strong  Al-0  bonding,  leading  to  the  stronger  total  metal-oxygen  bonding  in 
the  structure.  LiAlxMn2-x04+5  thin  film  cathodes  delivered  the  initial  discharge  capacities 
of  49.54,  40.94,  36.32,  and  30.26  pAh/cm2-pm  for  x = 0,  0. 1 , 0.2,  and  0.3.  The  first 
discharge  capacities  of  the  defect  spinel  cathodes  grown  by  UVPLD  were  greater  than 
those  of  spinel  cathodes  grown  by  PLD.  Capability  of  accommodating  more  Li  ions  in 
vacant  tetrahedral  and  octahedral  sites  in  the  defect  spinel  cathodes  is  found  to  be 
responsible  for  the  increase  in  discharge  capacity.  The  initial  discharge  capacities  of  these 
cells  were  decreased  with  increasing  Al-substitution  content  because  of  a decrease  in  the 
amount  of  extractable  Li  ion  in  the  spinel.  For  LiAlxMn2.x04+5  (x  > 0),  Al3+  replaced 
MnJ+  and  the  amount  of  Mn3+  in  spinel  was  reduced  by  the  increasing  amount  of  Al3+. 
Since  Al3+  ions  are  not  capable  being  oxidized  in  this  potential  range,  the  amount  of 
removable  Li+  is  determined  by  the  amount  of  Mn3+  [Oik99], 

Cycling  behavior  of  2.5  ~ 3.5  V region 

Figure  6-12  shows  the  discharge  curves  of  Li-ion  cells  with  undoped  and  Al-doped 
defect  spinel  LiAlxMn2-x04+g  films  grown  by  UVPLD  at  500°C  in  500  mtorr  of  oxygen; 
(a)  x = 0,  (b)  x = 0.1,  (c)  x = 0.2,  and  (d)  = 0.3.  Charge/discharge  were  measured  at  1 C 
rate  in  the  range  of  2.5  ~ 3.5  V.  All  defect  spinel  cathodes  grown  by  UVPLD  exhibited 
excellent  capacity  retention  at  3 V region.  After  1 00  cycles,  they  maintained  the  capacity 
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about  90%  of  their  initial  discharge  capacities.  The  discharge  capacity  of  LiMn204+g  was 
decreased  to  91.81%  of  its  initial  value  after  20  cycles.  After  100  cycles,  this  cathode 
retained  about  89.53%  of  its  initial  capacity,  which  corresponds  to  the  0.1047%  reduction 
in  capacity  per  cycle.  LiAlojMni  9O4+S  and  LiAlo.2Mni  sCVg  maintained  their  capacity 
about  90.58  and  92.99%  of  their  initial  discharge  capacity  after  100  cycles.  The  reduction 
rates  in  capacity  per  cycle  were  0.0942  and  0.0701  for  LiAl0.iMn]  .yO4+g  and 
LiAlo.2Mn1.gCVg  , respectively.  The  discharge  capacity  of  LiAlojMni  704+g  was 
decreased  to  89.58%  of  its  initial  value  after  20th  cycle  but  gradually  increased  to  even 
higher  than  its  initial  capacity  after  100  cycles.  This  unique  behavior  might  be  attributed 
to  a combination  effect  of  highly  doped  A1  and  oxygen-rich  characteristics.  However,  the 
further  investigation  is  needed  to  define  mechanisms  responsible  for  this  behavior.  The 
specific  discharge  capacities  and  relative  capacities  of  LiAlxMn2.x04+6  thin  film  cathodes 
(x  = 0,  0.1,  0.2,  0.3)  grown  by  UVPLD  upon  cycling  are  shown  in  Figure  6-13  (a)  and  (b). 

From  the  results  of  cycling,  two  important  conclusions  were  drawn:  1 ) capacity 
retention  of  oxygen-rich  spinel  cathode  by  UVPLD  was  much  higher  than  that  of  spinel 
cathode  by  PLD  for  the  undoped  and  Al-doped  lithium  manganese  oxide  thin  films.  2) 
Capacity  retention  on  cycling  of  Al-doped  thin  film  cathodes  grown  by  UVPLD  was 
increased  with  increasing  Al-substitution  content  in  spite  of  some  reduction  in  the  initial 
discharge  capacity  with  respect  to  undoped  thin  film  cathode  grown  at  the  same  condition. 

It  has  been  reported  that  synthesis  of  the  exact  defect  spinel  of  Li2Mn409  is  difficult 
and  Li20409  decomposes  at  higher  than  400°C  into  LiMn204  [ChoOO,  Xia97b],  However, 
the  reactive  oxygen  species  introduced  by  UV  radiation  during  the  film  growth  might 
help  produce  oxygen-rich  spinel,  which  is  not  necessarily  an  exact  L^MruCL,  and 
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increase  the  stability  temperature  for  oxygen-rich  spinel,  resulting  in  a suppression  of 
oxygen  loss  at  even  500°C.  Thus,  the  increased  average  oxidation  state  of  manganese 
allows  the  oxygen-rich  spinel  to  maintain  its  cubic  symmetry  to  a higher  amount  of  Li 
without  or  less  Jahn-Teller  distortion,  leading  to  the  improved  capacity  retention.  For 
example,  the  onset  of  Jahn-Teller  distortion  occurs  as  0.89  Li+  is  inserted  into  [Li 
0.89I  o.n]8a[Mn  i.78Do.n]i6d04  while  0.08  Li+  into  LiVb^CL.  For  the  Al-doped  defect  spinel 
films  grown  by  UVPLD,  the  more  enhanced  oxidation  state  of  manganese  by  substitution 
of  Al3+  for  Mn3+  might  be  responsible  for  the  higher  capacity  retention  relative  to 
undoped  defect  spinel  film  grown  by  UVPLD.  From  the  decrease  in  lattice  constant  with 
increase  of  A1  doped  shown  in  Figure  6-3,  it  was  able  to  deduce  that  the  average 
oxidation  state  of  manganese  gradually  was  increased  in  proportion  to  the  augmentation 
of  A1  content  for  the  films  grown  by  UVPLD.  XPS  results  also  confirmed  that  relative 
ratio  of  Mn3+  to  Mn4+  was  decreased  with  increasing  the  mount  of  A1  doped,  indicating 
an  increase  of  the  average  oxidation  state  of  manganese. 

AC  impedance  of  2.5  ~ 3.5  V region 

AC  impedance  spectra  at  the  open-circuit  voltage  of  as-received  LiAlxMn2-x04+8  (x 
= 0,  0.1,  0.2,  0.3)  thin  film  cathodes  grown  by  UVPLD  are  shown  in  Figure  6-14.  The 
spectra  showed  a typical  Nyquist  plot  in  which  the  real  and  imaginary  impedances  are 
drawn  as  a function  of  the  given  frequency.  It  can  be  qualitatively  concluded  that  the 
charge  transfer  resistance  was  increased  with  increasing  amount  of  aluminum  substituted 
because  the  diameter  of  semicircle  in  the  high  frequency  region  was  increased  with 
increasing  x of  Li AlxMn2_x04+8  films  grown  by  UVPLD. 
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The  details  on  fitting  of  the  Nyquist  plots  obtained  using  the  modified  equivalent 
circuit  are  shown  in  the  Appendix.  Calculated  values  including  charge  transfer  resistance 
(Rct)  and  double  layer  capacitance  (Cdi)  are  shown  in  the  Table  6-1  with  the  calculated 
diffusion  coefficients  using  the  Randles-Sevcik  equation  from  the  cyclic  voltammetries 
[Ran48,  Sev48]. 

Table  6-1.  Parameters  calculated  from  the  AC  impedance  spectra  of  LiAlxMn2-x04+8  thin 
films  grown  by  UVPLD.  


X 

0 

0.1 

0.2 

0.3 

Rq  (Qcm2) 

8.057 

8.239 

6.379 

6.05 

± 0.26867 

± 0.27235 

±0.30517 

± 0.29769 

Cdi(pF/cm2) 

2.6908 

2.4504 

2.8413 

3.1480 

±0.5734 

± 0.5425 

±0.7192 

± 0.7790 

Rct  (Qcm2) 

70.47 

79.45 

88.13 

102.4 

±2.8855 

±4.8578 

±5.4238 

±7.3694 

Dch  (cm2/s) 

7.292xlO'10 

2.424x1  O'10 

1.555x10"'° 

6.316x10'" 

Ddisch  (cm  /s) 

6.961xlO'10 

2.852xlO'10 

1.916x10'° 

3.893x10'" 

There  was  no  significant  difference  in  the  electrolyte  resistance  (Rn),  which  was  in 
6 ~ 8 Qcm  for  all  films  regardless  of  the  amount  of  A1  doped.  The  double  layer 
capacitance  was  increased  slightly  with  increasing  of  A1  substituted  from  2.6908  pF/cm2 
to  3.148  pF/cm2  for  x = 0 and  x = 0.3  in  LiAlxMn2.x04+5,  respectively.  The  charge 
transfer  resistance  was  increased  with  increasing  Al-substitution  content  as  expected  from 
the  Nyquist  plot  shown  in  Figure  6-14.  The  increment  of  Rct  with  increasing  the  amount 
of  aluminum  can  be  mainly  attributed  to  the  increase  in  the  repulsive  interaction  between 
lithium  positive-positive  ions  at  the  surface  of  cathode  contacted  with  the  electrolyte 
because  of  the  stronger  total  metal-oxygen  bonding  in  the  structure  by  substitution  of 
aluminum.  It  should  be  noted  that  both  Rq  and  Rct  of  defect  spinel  thin  films  grown  by 
UVPLD  were  smaller  than  those  of  films  grown  by  PLD  for  undoped  and  Al-doped 
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cathodes,  indicating  that  increased  vacancies  at  tetrahedral  (8a)  and  octahedral  (16d)  sites 
by  UV  radiation  decreased  the  interfacial  resistance  for  charge  transfer  and  repulsion 
between  positive  Li  ions. 

The  diffusion  coefficients  of  Li  ions  in  the  Al-doped  defect  spinel  films  were  2 ~ 

10  times  smaller  than  that  of  undoped  defect  spinel  films  and  decreased  with  increasing 
the  amount  of  aluminum  doped.  Figure  6-15  show  the  charge  transfer  resistance  and 
diffusion  coefficients  of  Li+  as  a function  of  x in  LiAlxMn2.x04+s  thin  film  cathodes 
grown  by  UVPLD  in  500  mtorr  of  oxygen  at  500°C.The  results  of  the  defect  spinel  films 
are  somewhat  similar  to  that  of  Al-doped  spinel  films  grown  by  PLD  described  in  chapter 
5.  The  reduction  in  diffusion  coefficients  of  Li  ions  in  the  Al-doped  defect  spinel  can  be 
explained  by  changes  in  bonding  energy  between  metal  and  oxygen  bonding  [Joh97, 
MyuOl],  Since  the  stronger  bonding  of  Al-0  than  that  of  Mn-0  can  lead  to  the  restricted 
contraction  and/or  expansion  of  the  structure,  the  intercalation/deintercalation  of  lithium 
ions  into/from  the  structure  could  be  affected  by  the  limited  crystal  lattice  contraction, 
though  the  structure  was  stabilized  by  the  A1  substitution.  It  is  worth  noting  that  Li+ 
diffusion  coefficients  of  the  defect  spinel  films  grown  by  UVPLD  were  smaller  than 
those  of  spinel  films  grown  PLD  for  both  undoped  and  Al-doped  lithium  manganese 
oxide.  The  diffusion  coefficient  of  Li+  in  the  LiMn204+5  film  grown  by  UVPLD  was 
6.961xlO'10  cm2/s  whereas  that  of  LiMn204  film  grown  by  PLD  was  3.033xl0'9  cm2/s. 
For  aluminum  doped  spinel,  the  values  of  D were  3.893x10'"  cm2/s  and  1.227x1  O'10 
cm2/s  for  LiAlo.iMni  904+s  by  UVPLD  and  LiAlo  |Mni  9O4  by  PLD,  respectively.  Unlike 
the  spinel  cathode  at  3 V of  which  Li  diffusion  path  has  been  know  through  8a-16c-8a, 
the  vacant  1 6d  sites  are  added  to  the  diffusion  path  of  Li+  in  the  defect  spinel  cathode 
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Some  of  the  Li  ions  inserted  at  16c  and  16d  sites  on  the  first  discharge  might  be  remained 
during  the  following  charge  and  partly  close  the  lithium  diffusion  path,  leading  to  the 
lower  the  diffusion  coefficient  of  Li  upon  repeated  cycles.  It  has  been  reported  that 
although  lithium  can  be  inserted  into  empty  8a  and  1 6d  in  the  defect  spinel  during  the 
first  discharge,  extraction  of  lithium  ions  from  these  sites  during  the  subsequent  charge 
requires  much  higher  charge  voltage  than  4 Y [ChoOO,  Koc90,  Tha92],  Since  the  cutoff 
voltage  was  3.5  V in  this  experiment,  there  must  be  lithium  ions  at  the  16c  and/or  16d 
sites  on  the  following  charge,  which  might  limit  the  further  lithium  diffusion  for  the 
sequential  discharge/charge  reactions.  Additionally,  the  much  smaller  unit  cell  of  the 
defect  spinel  cathode  might  restrict  the  Li  diffusion  even  though  it  is  beneficial  to 
stabilization  of  the  structure  upon  cycling  with  a minimal  expansion/contraction. 

Rate  capability  of  2.5  ~ 3.5  V region 

The  discharge  rate  capability  was  conducted  at  different  charge/discharge  current 
densities  after  50th  cycle  and  discharge  curves  for  the  Li-ion  cells  with  LiAlxMn2-x04+6 
films  in  the  range  of  2.5  ~ 3.5  V are  shown  in  Figure  6-16.  As  explained  in  chapter  4,  it  is 
evident  that  the  average  discharge  potential  of  discharge  curve  was  decreased  with 
increasing  the  discharge  current  density  applied  because  of  the  ohmic  drop  in  the 
electrolyte  and  polarization  due  to  an  overpotential  induced  by  the  kinetic  limitation.  The 
discharge  capacity  of  a thin  film  cathode  was  decreased  with  increasing  current  density. 
The  degree  of  reduction  in  discharge  capacity  with  increasing  current  density  became 
greater  as  the  value  of  x in  LiAlxMn2.x04+8  thin  films  was  increased  from  0 to  0.3  shown 
in  Figure  6-16  (a),  (b),  (c),  and  (d). 
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The  relative  capacity  of  defect  thin  film  cathodes  with  increasing  discharge 
current  density  up  to  10  C rate  is  shown  in  Figure  6-17.  All  Al-doped  defect  spinel  films 
exhibited  the  poorer  rate  capability  than  undoped  defect  spinel  LiMn204+6  film.  The 
capacities  at  10  C rate  were  about  41%,  35%,  30%  of  the  capacity  at  1 C rate  for  x = 0.1, 
0.2,  and  0.3  in  LiAlxMn2-x04+5  film,  which  is  much  less  than  that  of  undoped  LiMn204+8 
film  (~  50%). 

The  rate  capability,  which  represents  the  ability  to  charge  and  discharge  at  high 
current  required,  of  the  thin  film  cathodes  is  strongly  dependent  upon  both  the  charge 
transfer  at  the  interface  between  electrode  and  electrolyte  and  the  diffusion  of  Li+  in  the 
thin  film  cathodes.  The  higher  diffusion  coefficient  of  Li+  and  the  lower  Rct,  the  higher 
discharge  rate  capability  was  obtained.  Therefore,  undoped  defect  spinel  LiMn204+s 
cathode  with  higher  Li+  diffusion  coefficient  and  lower  Rct  exhibited  the  higher  rate 
capability  than  Al-doped  defect  cathodes.  In  addition,  the  rate  capability  of  LiAlxMn2. 
x04+6  became  poorer  as  the  amount  of  aluminum  substituted  was  increased  because  Li+ 
diffusion  coefficient  was  increased  and  Rc,  was  increased  with  increasing  the  amount  of 
A1  substituted.  It  should  be  noted  that  all  defect  spinel  cathodes  grown  by  UVPLD 
showed  the  lower  rate  capability  than  spinel  cathodes  grown  by  PLD  even  though  they 
possessed  the  lower  Rct.  It  suggests  that  the  diffusion  of  Li  ions  in  the  electrode  is  a 
predominant  rate-determined  step  for  charge/discharge  at  high  current  density  because 
thin  film  cathodes,  grown  by  PLD,  with  the  higher  diffusion  coefficients  of  Li  ions 
showed  the  higher  rate  capability  than  those  grown  by  UVPLD. 
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Cyclic  voltammetry  of  2.5  ~ 4.5  V region 

As  performed  in  the  previous  chapter,  the  cells  with  defect  spinel  thin  film 
cathodes  grown  by  UVPLD  were  electrochemically  characterized  in  the  range  of  2.5  ~ 

4.5  V.  The  cyclic  voltammetries  of  undoped  and  Al-doped  defect  spinel  cathodes  scanned 
at  a sweep  rate  of  0.1  mV/s  are  shown  in  Figure  6-18.  As  shown  in  the  3 V region 
measurement,  each  cathode  showed  a distinct  pair  of  anodic  and  cathodic  peaks  at  2.9  V 
and  2.7  V,  respectively,  indicating  of  the  intercalation/deintercalation  of  Li+  in  the  3 V 
region.  However,  the  two  peaks  on  discharge  at  4 V region  for  undoped  and  Al-doped 
defect  spinel,  which  represent  the  two-phase  reaction  of  Lio.5Mn204  and  X.-Mn02  in 
undoped  LiMn204  thin  film  cathode  shown  in  Figure  4-18  (b),  were  disappeared.  In 
addition,  two  anodic  peaks  of  defect  spinels  LiAlxMn2.x04+8  were  less  distinctive 
compared  with  those  of  LiAlxMn2.x04  and  became  less  pronounced  with  increasing  the 
amount  of  A1  doped.  This  feature  suggests  that  the  extraction  of  Li  ions  in  defect  spinels 
grown  by  UVPLD  at  4 V region  is  not  as  readily  as  in  the  spinels  grown  by  PLD.  The 
number  of  extracted  Li  ions  at  4 V region  might  be  limited  in  the  defect  spinels,  leading 
to  very  small  capacity  at  the  4 V region  out  of  2.5  ~ 4.5  V cycling. 

Discharge  capacity  and  cycling  behavior  of  2.5  ~ 4.5  V region 

The  first  discharge  curves  of  LiAlxMn2.x04+8  (x  = 0,  0.1,  0.2,  0.3)  thin  film 
cathodes  grown  by  UVPLD  are  shown  in  Figure  6-19.  Both  charge  and  discharge  were 
conducted  at  the  same  1 C rate.  No  defect  spinel  cathodes  exhibited  two  plateaus  at  4 V 
region,  which  is  in  agreement  with  the  results  from  cyclic  voltammograms.  In  the  3 V 
region,  the  degree  of  flatness  on  the  discharge  curve  was  decreased  with  increasing  the 
amount  of  A1  doped,  indicating  that  the  Al3+  substitution  for  Mn3+  at  1 6d  sites  may  help 
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to  maintain  the  structural  integrity  of  cathode  on  charge/discharge  resulting  in  a higher 
resistance  to  the  phase  transformation. 

The  initial  discharge  capacity  of  the  defect  spinel  cathodes  grown  by  UVPLD  in 
the  range  of  2.5  ~ 4.5  V was  higher  than  that  of  spinel  cathodes  grown  by  PLD  for 
undoped  and  Al-doped  lithium  manganese  oxide  because  of  the  higher  capacity  at  3 V 
region  of  the  defect  spinel  cathode  relative  to  the  spinel  cathode.  Undoped  defect  spinel 
LiMn204+8  grown  by  UVPLD  delivered  about  82.31  pAh/cm'-pm  whereas  undoped 
spinel  LiMn204  grown  by  PLD  delivered  about  68.83  pAh/cm2-pm. 

In  defect  spinel  cathodes,  the  discharge  capacity  of  3 V out  of  2.5  ~ 4.5  V 
charge/discharge  showed  the  higher  values  compared  with  3 V discharge  capacity 
obtained  from  2.5  ~ 3.5  V charge/discharge  only.  LiMn204+6  cathode  initially  delivered 
about  49.54  |aAh/cm2  pm  during  the  discharge  of  2.5  ~ 3.5  V while  60.95  pAh/cnr-pm 
corresponded  to  the  capacity  of  2.5  ~ 3.5  V out  of  2.5  ~ 4.5  V.  It  has  been  know  that  only 
fraction  of  Li  ions  inserted  into  the  cathode  during  the  first  discharge  in  the  range  of  2.5  ~ 

3.5  V measurement  are  involved  in  the  following  charge  and  discharge  because  the 
higher  charge  voltage  than  3.5  V is  required  to  extract  all  Li  ions  inserted  [ChoOO,  Tha92], 
Before  our  charge/discharge  cycling  measurement,  the  cathodic  scan  to  2.5  V for  2.5  ~ 

3.5  V and  anodic  scan  to  4.5  V for  2.5  ~ 4.5  V measurements  were  performed  in  the 
cyclic  voltammetry.  In  the  2.5  ~ 3.5  V measurement,  some  of  Li  ions  inserted  into 
cathodes  during  the  first  cathodic  scan  might  be  remained  and  excluded  from  the 
following  charge/discharge  reactions,  leading  to  smaller  capacity.  However,  in  the  2.5  ~ 

4.5  V measurement,  most  of  Li  ions  were  extracted  and  contributed  to  the  following 
charge/discharge  reactions,  resulting  in  higher  capacity,  due  to  the  higher  charge  voltage 
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(4.5  V).  The  initial  discharge  capacity  of  3 V region  out  of  2.5  ~ 4.5  V was  decreased  as 
the  amount  of  A1  increased,  which  is  in  a good  accordance  with  the  results  from  the 
cycling  behavior  performed  in  only  2.5  ~ 3.5  V region  measurement. 

The  first  discharge  capacities  at  4 V region  out  of  2.5  ~ 4.5  V of  Al-doped  defect 
thin  film  cathodes  were  less  than  that  of  undoped  defect  thin  film  cathode  and  decreased 
significantly  with  increasing  the  amount  of  A1  substituted.  This  behavior  may  be  ascribed 
to  the  same  effect  as  mentioned  for  the  spinels  cathode  grown  by  PLD  in  the  previous 
chapter,  which  is  a decrease  in  the  Mn3+  amount  available  for  the  oxidation  to  Mn4+  by 
the  substitution  of  Al3+  for  Mn3+.  At  x = 0.3,  the  initial  discharge  capacity  of  4 V out  of 
2.5  ~ 4.5  V was  close  to  a quarter  of  that  obtained  from  the  undoped  defect  spinel 
cathode.  Therefore,  the  whole  discharge  capacity  in  the  range  of  2.5  ~ 4.5  V was 
decreased  as  A1  was  substituted.  The  initial  discharge  capacities  of  LiAlxMn2-x04+6  thin 
film  cathodes  grown  by  UVPLD  in  the  range  of  2.5  ~ 4.5  V for  x = 0,  0. 1 , 0.2,  0.3  were 
82.31, 65.61,  55.04,  and  43.88  pAh/cnr-pm,  respectively. 

The  discharge  curves  on  cycling  of  Li AlxMn2.x04+8  thin  film  cathodes  grown  by 
UVPLD  in  the  range  of  2.5  ~ 4.5  V at  1 C rate  are  shown  in  Figure  6-20.  From  the  results, 
it  can  be  concluded  that  the  capacity  retention  on  cycling  in  the  range  of  2.5  ~ 4.5  V was 
improved  for  the  defect  spinel  cathodes  grown  by  UVPLD.  For  the  defect  spinel  cathodes 
capacity  fade  on  cycling  was  increased  with  increasing  the  amount  of  aluminum 
substituted  with  some  sacrifice  of  initial  discharge  capacity.  This  behavior  can  be  more 
clearly  seen  in  Figure  6-21  (a)  and  (b)  in  which  the  specific  and  relative  capacities  of  the 
LiAlxMn2-x04+5  thin  film  cathodes  grown  by  UVPLD  are  shown  up  to  100th  cycle.  The 
undoped  defect  spinel  LiMn204+g  thin  film  cathode  in  the  range  of  2.5  - 4.5  V exhibited 
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the  fastest  capacity  fade  on  cycling  even  though  it  delivered  the  highest  discharge 
capacity.  On  the  contrary,  Li AlojMn  1.704+5  showed  the  best  capacity  retention  up  to  100th 
cycle  maintaining  about  97%  of  its  first  capacity  with  the  lowest  initial  discharge 
capacity  of  43.88  pAh/cm2-pm. 

The  improved  capacity  retention  of  the  defect  spinel  thin  film  cathodes  grown  by 
UVPLD  in  the  range  of  2.5  ~ 4.5  V is  attributed  to  the  stabilized  structure,  resulting  from 
the  minimum  volume  change,  suppression  and/or  delay  of  Jahn-Teller  distortion,  and 
homogeneous  phase.  For  aluminum  substitution,  the  increased  bonding  strength  can  be 
added  to  an  impact  on  the  stabilization  of  the  structure,  leading  to  the  better  capacity 
retention. 

Summary 

LiAlxMn2-x04+8  (x  = 0,  0.1,  0.2,  0.3  and  5 > 0)  thin  film  cathodes  have  been  grown 
by  UVPLD  in  the  oxygen  of  500  mtorr  at  500°C.  From  the  results  of  structural 
characterizations,  the  thin  film  cathodes  grown  with  help  of  UV  radiation  were  defect 
(oxygen-rich)  spinel  structure. 

The  initial  discharge  capacity  of  defect  spinel  LiAlxMn2-x04+8  thin  film  cathodes  in 
the  range  of  2.5  ~ 3.5  V was  greater  than  that  of  spinel  LiAlxMn2.x04  thin  film  cathode 
because  the  cathode  could  accommodate  more  amount  of  Li+  on  vacant  tetrahedral  and 
octahedral  sites,  which  is  known  as  a characteristic  of  defect  (oxygen-rich)  spinel  at  3 V 
region.  For  Al-doped  defect  spinels  the  discharge  capacity  was  decreased  as  the  value  of 
x was  increased  because  Al3+  reduced  the  content  of  Mn  ,+,  which  determines  the 
discharge  capacity.  The  capacity  retention  upon  cycling  of  the  defect  spinel  cathodes  in 
the  3 V region  was  higher  than  that  of  spinel  cathode  for  undoped  and  Al-doped  spinel.  It 
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might  be  due  to  the  increase  in  the  average  oxidation  state  of  manganese,  resulting  in  the 
restriction  or  delay  of  the  Jahn-Teller  distortion,  which  has  been  known  as  a major 
mechanism  for  capacity  fade  in  the  3 V region.  Increased  capacity  retention  of  Al-doped 
defect  spinel  is  also  attributed  to  the  increased  average  oxidation  state  of  Mn  and  stronger 
bonding  strength  of  the  metal-oxygen  frame  structure. 

The  rate  capability  of  the  defect  spinel  cathodes  at  3 V region  was  lower  than  that 
of  the  spinel  cathodes  and  decreased  with  increasing  the  amount  of  A1  substituted 
because  of  lower  diffusion  coefficient  of  Li  ions,  resulting  from  the  interruption  the  path 
by  the  increased  amount  of  Li  ion  itself. 

The  initial  discharge  capacity  of  defect  spinel  LiAlxMn2.x04+s  thin  film  cathodes 
by  UVPLD  in  the  range  of  2.5  ~ 4.5  V was  higher  than  that  of  spinel  LiMn204  thin  film 
cathodes  by  PLD  and  decreased  with  increasing  the  amount  of  A1  doped.  The  capacity 
retention  upon  cycling  of  defect  spinel  cathodes  was  greater  than  that  of  spinel  cathodes 
and  increased  with  increasing  the  amount  of  A1  doped.  It  is  considered  that  the  improved 
capacity  retention  of  defect  thin  film  cathodes  at  2.5  ~ 4.5  V region  is  mainly  due  to  the 
stabilized  structure,  suppression  and/or  delay  of  Jahn-Teller  distortion,  and  homogeneous 
phase.  For  aluminum  substitution,  the  increased  structural  stability  can  lead  to  the  better 
electrochemical  reversibility.  In  summary,  the  electrochemical  properties  of  the  defect 
spinel  thin  film  cathodes  grown  by  UVPLD  in  the  range  of  2.5  ~ 4.5  V were  strongly 
dependent  upon  those  at  the  3 V region  in  terms  of  discharge  capacity  and  capacity 
fading  behavior. 
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Figure  6-1.  XRD  of  LiMn204  thin  films  grown  in  500  mtorr  of  Cb  at  500°C  by  (a) 
UVPLD  and  (b)  PLD. 
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Figure  6-2.  XRD  of  LiAlo.2Mni  gCL  thin  films  grown  in  500  mtorr  of  O2  at  500°C  by  (a) 
UVPLD  and  (b)  PLD. 


Figure  6-3.  Lattice  constants  of  LiAlxMn2.x04  thin  films  grown  in  500  mtorr  of  CL  at 
500°C  by  PLD  and  UVPLD. 
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Figure  6-4.  SEM  micrographs  of  (a)  LiMn204,  (b)  LiAlo.1Mn1.9O4  and  (c)  LiAlo.3Mn1.7O4 
thin  films  grown  by  UVPLD  in  500  mtorr  of  02  at  500°C. 
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Figure  6-5.  High  resolution  XPS  of  Mn  2p3/2  of  thin  films  grown  in  500  mtorr  of  02  at 
500°C  by  UVPLD:  (a)  LiMn2C>4,  (b)  LiAlo  iMni  9O4.  and  (c)  LiAlo.3Mn1.7O4. 


Potential  vs  Li/Li  (V)  on  Current  density  (frA/cm2) 
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6.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiMn204+s  thin  film 
grown  by  UVPLD  in  500  mtorr  of  02  at  400°C. 


Figure  6-7.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiMn204+s  thin  film  grown  by 
UVPLD  in  500  mtorr  of  02  at  400°C. 
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Figure  6-8.  An  isothermal  cross  section  of  the  Li-Mn-0  phase  diagram  at  20°C;  Area  I 
and  II  represent  regions  of  defect  spinel  and  defect  rock  salt  phases, 
respectively  [Tha92]. 


Figure  6-9.  Discharge  curves  at  different  current  densities  of  LiMmCfi+s  thin  films  grown 
by  UVPLD  in  500  mtorr  of  O2  at  400°C. 
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Figure  6-10.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2-xC>4+s  (x  = 0, 
0.1,  0.2,  0.3)  thin  films  grown  by  UVPLD  in  500  mtorr  of  O2  at  500°C. 


Potential  vs  Li/Li+  (V) 


161 


Figure  6-11.  The  first  discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2-xC>4+6  thin 
films  grown  by  UVPLD  in  500  mtorr  of  O2  at  500°C. 
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Figure  6-12.  Discharge  curves  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04+8  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500°C:  (a)  x = 0,  (b)  x = 0. 1,  (c)  x = 
0.2,  and  (d)  x = 0.3. 
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Figure  6-13.  Discharge  capacity  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2.x04+g  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500°C:  (a)  Specific  discharge 
capacity  and  (b)  Relative  discharge  capacity. 
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Figure  6-14.  AC  impedance  spectroscopies  of  LiAlxMn2-x04+8  thin  films  grown  by 
UVPLD  in  500  mtorr  of  O2  at  500°C. 
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Figure  6-15.  Diffusion  coefficients  of  Li  on  discharge  (left)  and  charge  transfer 

resistances  (right)  as  a function  of  x in  LiALMm.xCL+ft  thin  films  grown  by 
UVPLD  in  500  mtorr  of  O2  at  500°C. 
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Figure  6-16.  Discharge  curves  at  different  current  densities  of  LiAlxMn2-x04+s  thin  films 
grown  by  UVPLD  in  500  mtorr  of  O2  at  500°C:  (a)  x = 0.  (b)  x = 0.1,  (c)  x = 
0.2,  and  (d)  x = 0.3. 
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Figure  6-17.  Discharge  rate  capability  in  the  range  of  2.5  ~ 3.5  V of  LiAlxMn2-x04+8  thin 
films  grown  by  UVPLD  in  500  mtorr  of  02  at  500°C. 
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Figure  6-18.  Cyclic  voltammograms  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2-x04+g  thin 
films  grown  by  UVPLD  in  500  mtorr  of  O2  at  500°C:  (a)  x = 0,  (b)  x = 0.2, 
and  (c)  x = 0.3. 
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Figure  6-19.  The  first  discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2-x04+5  thin 
films  grown  by  UVPLD  in  500  mtorr  of  O2  at  500°C. 
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Figure  6-20.  Discharge  curves  in  the  range  of  2.5  ~ 4.5  V of  (a)  LiMn204+8,  (b) 

LiAlo.iMni. 904+8,  (c)  LiAlo.2Mni.804+s,  and  (d)  LiAlo.3Mni.704+8  thin  films 
grown  by  UVPLD  in  500  mtorr  of  02  at  500°C.  Discharged  at  1 C rate. 
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Figure  6-21.  Discharge  capacity  in  the  range  of  2.5  ~ 4.5  V of  LiAlxMn2-x04+8thin  films 
grown  by  UVPLD  in  500  mtorr  of  O2  at  500°C:  (a)  Specific  discharge 
capacity  and  (b)  Relative  discharge  capacity. 


CHAPTER  7 
CONCLUSIONS 

Using  pulsed  laser  deposition  technique  the  electrochemical  properties  of  LiMn204 
thin  film  cathode  have  been  investigated  as  a function  of  growth  temperature,  aluminum 
substitution,  and  UV  radiation. 

The  initial  discharge  capacity  of  3 V region  was  increased  with  increasing  substrate 
temperature  in  the  range  of  300°C  ~ 500°C  and  then  decreased  at  higher  temperatures. 

The  main  reason  for  the  increment  of  the  initial  discharge  capacity  was  ascribed  to  the 
increase  of  amount  of  Mn3+  and  improved  crystallinity  with  temperature  leading  to 
facilitated  intercalation  and  deintercalation  of  lithium.  The  inhomogeneous 
electrochemical  reaction  due  to  the  abnormally  agglomerated  grains  and  high  contact 
resistance  was  responsible  for  the  lower  capacity  of  the  thin  film  cathodes  grown  at  high 
temperatures. 

Capacity  retention  on  cycling  in  the  3 V region  was  decreased  with  increasing 
temperature.  Jahn-Teller  distortion  became  a predominant  contribution  to  the  capacity 
loss  with  increasing  temperature.  The  films  grown  at  relatively  low  temperature  exhibited 
the  better  capacity  retention  because  structural  defects  and  uniform  distribution  of  grains 
might  help  to  retain  the  structural  integrity  upon  repeated  cycling. 

Thin  film  cathodes  with  high  diffusion  coefficient  of  Li+  and  low  charge  transfer 
resistance  exhibited  the  better  discharge  rate  capability.  The  highest  rate  capability  was 


172 


173 


obtained  from  the  thin  film  cathode  grown  at  500°C,  which  exhibited  the  highest 
diffusion  coefficient  of  Li+  and  lowest  Rct. 

The  discharge  capacity  of  3 V was  larger  than  that  of  4 V for  the  films  grown  at 
300°C  and  500°C.  The  discharge  capacity  of  2.5  ~ 4.5  V was  increased  with  increasing 
temperature  because  of  increased  capacities  at  both  3 V and  4 V with  increasing 
temperature.  The  total  capacity  retention  of  2.5  ~ 4.5  V for  film  grown  at  500°C  was 
better  than  that  for  grown  at  300°C  due  to  the  poorer  capacity  retention  at  3 V of  the  latter. 

LiAlxMn2.x04  (x  = 0.1,  0.2,  0.3)  thin  film  cathodes  showed  that  there  was  no 
impurity  phase  other  than  a cubic  spinel  phase  as  LiMnjCTi. 

The  initial  discharge  capacity  of  LiAlxMn2-x04  thin  film  cathodes  in  the  range  of 
2.5  ~ 3.5  V was  less  than  that  of  undoped  LiMn204  thin  film  cathode  and  decreased  with 
increasing  the  amount  of  A1  doped  because  the  content  of  Mn3+,  which  determines  the 
discharge  capacity,  was  reduced  by  A1  substitution.  However,  the  capacity  retention  upon 
cycling  in  the  3 V region  was  increased  with  increasing  A1  substitution  content.  It  was 
ascribed  to  the  increase  in  the  average  oxidation  state  of  manganese  resulting  in  the 
restriction  or  delay  of  Jahn-Teller  distortion. 

The  charge  transfer  resistance  was  increased  with  increasing  A1  substitution  content 
since  A1  doping  induces  the  increment  of  interaction  energy  of  the  cathode.  The  diffusion 
coefficient  of  Li+  in  the  cathode  was  decreased  with  increasing  the  amount  of  A1 
substituted.  Therefore,  the  rate  capability  of  Al-doped  lithium  manganese  oxide  thin  film 
cathode  was  lower  than  that  of  undoped  thin  film  cathode  and  decreased  with  increase  in 
the  amount  of  A1  doped. 
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The  initial  discharge  capacity  of  LiAlxMn2.x04  thin  film  cathodes  in  the  range  of 
2.5  ~ 4.5  V was  less  than  that  of  undoped  LiM^Cfi  thin  film  cathode  and  decreased  with 
increasing  the  amount  of  A1  doped.  The  initial  discharge  capacities  at  4 V region  out  of 
2.5  ~ 4.5  V of  Al-doped  thin  film  cathodes  were  less  than  that  of  undoped  thin  film 
cathode  and  decreased  significantly  with  increasing  the  amount  of  A1  substituted  because 
of  the  decrease  in  the  Mn  j+  amount  available  for  the  oxidation  to  Mn4+  by  the  substitution 
of  A1 ,+  for  MnJ+.  However,  the  capacity  retention  upon  cycling  was  higher  than  that  of 
undoped  LiMn204  thin  film  cathode  and  increased  with  increasing  the  amount  of  A1 
doped.  It  is  considered  that  the  improved  capacity  retention  of  Al-doped  LiMmCfi  thin 
film  cathodes  at  4 V region  is  due  to  the  stronger  bonding  between  aluminum  and  oxygen 
in  the  framework  structure  leading  to  the  increased  structural  stability,  which  can  prevent 
unstable  two-phase  transition  and  severe  dissolution  of  manganese  into  the  electrolyte. 
The  rechargeability  of  LiMn204  thin  film  cathode  at  both  3 and  4 V regions  was 
enhanced  when  Al3+  was  substituted  for  Mn3+  in  spite  of  some  sacrifice  of  the  discharge 
capacity.  It  is  reasonable  to  note  that  A1  doping  suppresses  the  Jahn-Teller  distortion  and 
increases  the  stability  of  cathode  to  maintain  the  structural  integrity  during  repeated 
intercalation/deintercalation  of  lithium,  resulting  in  higher  capacity  retention. 

LiAlxMn2-x04+5  (x  = 0,  0.1,  0.2,  0.3  and  5 > 0)  thin  film  cathodes  have  been  grown 
by  UVPLD  in  the  oxygen  of  500  mtorr  at  500°C.  From  the  results  of  structural 
characterizations,  the  thin  film  cathodes  grown  with  help  of  UV  radiation  were  defect 
(oxygen-rich)  spinel  structure. 

The  initial  discharge  capacity  of  defect  spinel  LiAlxMn2-x04+s  thin  film  cathodes  in 
the  range  of  2.5  ~ 3.5  V was  greater  than  that  of  spinel  LiAlxMn2.x04  thin  film  cathode 
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because  the  cathode  could  accommodate  more  amount  of  Li+  on  vacant  tetrahedral  and 
octahedral  sites.  For  Al-doped  defect  spinels  the  discharge  capacity  was  decreased  as  the 
amount  of  aluminum  doped  was  increased  because  Al3+  reduced  the  content  of  Mn3+, 
which  determines  the  discharge  capacity.  The  capacity  retention  upon  cycling  of  the 
defect  spinel  cathodes  in  the  3 V region  was  higher  than  that  of  spinel  cathode  for 
undoped  and  Al-doped  spinel.  The  increase  in  the  average  oxidation  state  of  manganese 
resulted  in  the  restriction  or  delay  of  the  Jahn-Teller  distortion.  The  higher  capacity 
retention  of  Al-doped  defect  spinels  than  undoped  defect  spinel  is  also  attributed  to  the 
increased  average  oxidation  state  of  Mn  and  stronger  bonding  strength  of  the  metal- 
oxygen  frame  structure. 

The  rate  capability  of  the  defect  spinel  cathodes  at  3 V region  was  lower  than  that 
of  the  spinel  cathodes  and  decreased  with  increasing  the  amount  of  A1  substituted 
because  of  lower  diffusion  coefficient  of  Li  ions,  resulting  from  the  interruption  the  path 
by  the  increased  amount  of  Li  ion  itself. 

The  initial  discharge  capacity  of  defect  spinel  LiAlxMn2-x04+s  in  the  range  of  2.5 
~ 4.5  V was  higher  than  that  of  spinel  LiM^CL  and  decreased  with  increasing  the  amount 
of  A1  doped.  The  capacity  retention  upon  cycling  of  defect  spinel  cathodes  was  greater 
than  that  of  spinel  cathodes  and  increased  with  increasing  the  amount  of  A1  doped.  It  is 
considered  that  the  improved  capacity  retention  of  defect  spinel  at  2.5  ~ 4.5  V region  is 
mainly  due  to  the  stabilized  structure,  suppression  and/or  delay  of  Jahn-Teller  distortion, 
and  homogeneous  phase.  For  aluminum  substitution,  the  increased  structural  stability  can 
lead  to  the  better  electrochemical  reversibility. 


APPENDIX 

FITTING  OF  THE  AC  IMPEDANCE 


In  this  Appendix,  the  fitting  of  alternative  current  impedance  spectroscopy  obtained 
from  each  cell  has  been  included.  The  equivalent  circuit  based  on  the  Rundles  circuit,  the 
fitted  data,  and  curve  are  shown  together. 
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Figure  A-l.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  300°C  in  the  oxygen 
500  mtorr. 

(2)  LiMn204  grown  at  400°C  in  the  oxygen  of  500  mtorr 
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Figure  A-2.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  400°C  in  the  oxygen 
500  mtorr. 

(3)  LiMn204  grown  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-3.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  500°C  in  the  oxygen 
500  mtorr. 


(4)  LiMn2C>4  grown  at  600°C  in  the  oxygen  of  500  mtorr 
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Figure  A-4.  Fitting  of  AC  Impedance  of  LiMn204  thin  film  grown  at  600°C  in  the  oxygen 
500  mtorr. 

(5)  LiMn2C>4  grown  at  700°C  in  the  oxygen  of  500  mtorr 
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Figure  A-5.  Fitting  of  AC  Impedance  of  LiM^CL  thin  film  grown  at  700°C  in  the  oxygen 
500  mtorr. 


(6)  LiAlo.1Mn1.9O4  grown  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-6.  Fitting  of  AC  Impedance  of  LiAlo.iMnj  9O4  thin  film  grown  at  500°C  in  the 
oxygen  500  mtorr. 

(7)  LiAlo.2Mn1.gO4  grown  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-7.  Fitting  of  AC  Impedance  of  LiAlo.2Mn1.8O4  thin  film  grown  at  500°C  in  the 
oxygen  500  mtorr. 

(8)  LiAlo.3Mn1.7O4  grown  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-8.  Fitting  of  AC  Impedance  of  LiAlojMni  704  thin  film  grown  at  500°C  in  the 
oxygen  500  mtorr. 


(9)  LiMn204+8  grown  by  UVPLD  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-9.  Fitting  of  AC  Impedance  of  LiMn204+g  thin  film  grown  by  UVPLD  at  500°C 
in  the  oxygen  500  mtorr. 

(10)  LiAlo.iMni,904+g  grown  by  UVPLD  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-10.  Fitting  of  AC  Impedance  of  LiAlo.iMn  1.904+8  thin  film  grown  by  UVPLD  at 
500°C  in  the  oxygen  500  mtorr. 

(11)  LiAlojMni.gC^+a  grown  by  UVPLD  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-l  1.  Fitting  of  AC  Impedance  of  LiAlo.2Mni. 804+5  thin  film  grown  by  UVPLD  at 
500°C  in  the  oxygen  500  mtorr. 

(12)  LiAlojMni  7O4+8  grown  by  UVPLD  at  500°C  in  the  oxygen  of  500  mtorr 
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Figure  A-12.  Fitting  of  AC  Impedance  of  LiAlo.3Mn1.7O4.f8  thin  film  grown  by  UVPLD  at 
500°C  in  the  oxygen  500  mtorr. 
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